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I.    INTRODUCTION 


This  bulletin  is  a  report  of  a  series  of  permeability  tests  made 
in  the  laboratory  for  testing  materials  at  the  University  of  Wis- 
consin during  the  summer  and  fall  of  1908.  The  object  of  the 
tests  was  to  determine  the  efficiency  of  some  of  the  commercial 
compounds  used  for  the  water  proofing  of  concrete. 

Tests  were  made  on  fourteen  compounds,  each  compound  be- 
ing subjected  ordinarily  to  pressures  of  approximately  20  lbs/in^ 
and  40  lbs/in^     The  duration  of  the  test  was  usually  three  days,, 
and  a  record  was  kept  of  the  amount  of  water  entering  .the  con- 
crete. 

In  order  to  ascertain  the  effect  on  the  strength  of  concrete  of 
the  compounds  which  are  added  to  the  body  of  the  concrete, 
compression  specimens  were  made.  Three  of  the  compounds 
were  tested  in  this  manner,  the  specimens  being  broken  at  the 
ages  of  approximately  1,  2  and  10  months. 

This  work  is  a  partial  repetition  and  a  continuation  of  a 
thesis  completed  by  S.  R.  Hatch  and  H.  E.  Ketchum  of  the  class 
of  1907.  Due  acknowledgment  is  made  to  them  for  their  valu- 
able assistance  in  designing  the  apparatus  used  for  these  tests. 
M.  0.  Withey  and  A.  H.  ililler,  of  the  department  of  mechanics, 
also  rendered  effective  service  in  performing  the  tests.  J.  Glaet- 
tli  and  A.  E.  Meinecke  of  the  classes  of  1909  and  1910,  respect- 
ivelv,  made  the  drawings  and  tables  for  this  bulletin. 
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11.     CONCLUSIONS 

The  following  conclusions  are  drawn  as  the  result  of  the  ex- 
periments : 

1.  Unless  extreme  care  is  taken  in  proportioning,  it  is  neces- 
sary that  some  form  of  water  proofing  be  used  for  a  1 :  3 : 5  con- 
crete for  pressures  from  20  lbs/in^  to  40  lbs/in^ 

2.  For  nearly  all  specimens  the  rate  of  flow  decreased  rapidly 
with  time.  This  was  especially  marked  in  the  case  of  the  mor- 
tar coatings  and  was  due  in  part  to  their  dry  condition. 

3.  All  of  the  surface  paints  were  quite  satisfactory  at  pres- 
sures of  20  lbs/in^  When  subjected  to  pressures  of  40  lbs/in^, 
Des  Moines  Elaterite  No.  60  and  Universal  Damp-Proof  Com- 
pound proved  unreliable.  The  mixture  of  Flexible  Compound 
and  white  lead  gave  good  results  at  both  pressures.  Century 
Cement  Fluid  was  not  tested  at  the  high  pressure  and  while 
Antihydrine  gave  only  a  small  flow  at  40  lbs/in*,  the  results  can 
not  be  compared  with  those  of  the  other  compounds  because  the 
test  was  carried  on  imder  different  conditions. 

4.  Water  proofing  materials  composed  of  layers  of  felt,  bur- 
lap, or  tarred  paper,  cemented  together  with  a  compoimd,  gave 
excellent  results  at  the  high  pressure.  Not  one  of  the  specimens 
treated  with  Hydrex  Felt  and  Compound,  Siastex  Fabric  No.  2 
and  Pitch,  and  Dehydratine  No.  4  and  tarred  roofing  paper 
showed  any  appreciable  flow. 

5.  Coatilie  was  practically  impermeable  at  the  two  pressures. 

6.  The  mortar  coatings  in  the  case  of  Antihydro  gave  good 
results  at  both  pressures,  there  being  practically  no  flow  after 
the  first  24  hours.  It  is  possible,  however,  that  its  effectiveness 
was  due  partly  to  the  method  of  applying  the  mortar.  For 
waterproofing  used  in  this  manner,  it  would  seem  desirable  to 
apply  the  mortar  in  two  layers  after  first  covering  the  concrete 
with  a  neat  cement  slush  coat.  The  plain  mortar  with  a  neat 
cement  wash  was  effective  at  a  pressure  of  20  lbs/in^  but  proved 
unreliable  at  40  lbs/in^.  No  doubt  a  plain  mortar  coating 
would  prove  satisfactory  in  water  proofing  concrete  at  high  pres- 
sures providing  it  be  applied  as  just  described. 
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7.  Waterproofing  compounds  that  are  added  to  the  body  of 
the  concrete  are  worthless  at  pressures  from  20  lbs/in^  to  40 
lbs/in-  unless  great  care  be  used  in  proportioning. 

8.  Jjimate,  when  replacing  10  per  cent  to  22  per  cent  of  the 
^ei0k%  of  cement,  and  Medusa  AVater-proof  Compound  equal  to 
2  ftt^ent  of  the  weight  of  the  cement  do  not  impair  the  com- 
pressive strength  of  1 :  3 :  5  concrete.  On  the  other  hand,  Aqua- 
bar  equal  to  4  1/6  per  cent  of  the  mixing  water  reduces  the 
strength  of  1 : 3 :  5  concrete  by  percentages  varying  from  36  per 
cent  to  54  per  cent. 


III.    DESCRIPTION  OF  APPARATUS  AND  MATERIAL 

Apparatus: — The  apparatus  which  was  designed  for  these 
tests  consists  essentially  of  eight  six-inch  pipes  filled  with  con- 
crete and  a  pipe  system  connected  with  air  and  water  reservoirs. 
Pig.  2  shows  in  detail  the  mold  and  attached  casting  and  Fig.  1 
is  a  general  drawing  of  the  pipe  system  for  four  specimens,  the 
apparatus  for  the  remaining  four  specimens  being  the  same  as 
shown. 

The  molds  shown  in  elevation  in  Fig.  1  and  in  section  in  Fig. 
2  were  six-inch  wrought  iron  pipe,  121/^  inches  long,  with  a  cast- 
iron  flange  screwed  to  the  upper  end.  In  order  to  prevent  the 
passage  of  water  between  the  pipe  and  the  cement  lining  ten  or 
twelve  V-shaped  grooves  were  cut  in  each  pipe,  each  groove  ex- 
tending around  the  inner  surface  of  the  pipe. 

This  flanged  pipe  was  attached  to  the  casting  by  means  of  six 
eye-bolts.  A  %-inch  pipe,  4  feet  6  inches  long,  was  screwed  into 
this  casting.  Each  of  these  %-inch  pipes  was  joined  to  the  main 
pipe,  which  in  turn  connected  with  the  water  main  and  with  the 
air  reservoirs.  The  shut-off  globe  valves  for  water  and  air  are 
shown  on  the  pipes  connecting  the  main  pipe  with  the  water 
main  and  with  the  air  reservoirs.  Two  cast-iron  cylinders,  6V2 
inches  in  diameter  and  4  feet  8  inches  long,  formed  the  air- 
reservoirs.  They  were  connected  with  a  large  air-tank,  not 
shown,  by  means  of  the  pipe  shown  in  Fig.  1,  a  shut-off  globe 
valve  being  placed  between  the  air-tank  and  air-reservoirs. 
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A  glass  tube  and  attached  scale  graduated  to  hundredths  of 
feet,  were  fastened  to  each  %-inch  pipe  in  order  to  obtain  the 
water  level  in  the  pipe.  The  globe  valve  **V"  was  used  to  dis- 
connect any  specimen  proving  defective.  The  %-inch  pipe  and 
gla&s  tube  were  drained  by  means  of  the  needle  valve.  A  gage 
registered  the  air  pressure. 

Concrete: — The  proportions  by  volume  of  the  concrete  were 
1:3:5,  the  required  amount  of  the  materials  being  weighed  on 
a  scale.  No  attempt  was  made  to  secure  a  waterproof  concrete 
by  proper  proportioning.  On  the  contrary,  a  lean  mixture  was 
desirable  in  order  to  bring  out  the  waterproofing  qualities  of  the 
compounds. 

^toue  and  Sand: — Local  stone  and  sand  and  Atlas  cement 
were  used.  The  stone  was  a  rather  sandy  lime-stone  while  the 
sand  was  of  the  fine  bank  variety.  The  mechanical  analyses  of 
the  stone  and  sand  are  shown  in  Tables  1  and  2,  respectively. 

Water-proofing   Compounds: — The   compounds  tested,   which- 
were  all  secured  through  local  dealers  in  order  to  obtain  the 
ordinary   commercial   product,,   were    Century    Cement    Fluid, 
Dehydratine  No.  4,  Des  Moines  Elaterite  No.  60,  Hydrex  Water- 
proof Felt  and  Compound,  Limate,  Medusa  Waterproof  Com- 
pound, Siastex  Waterproofing  Fabric  No.  2  and  Pitch,  Univer- 
sal Damp-Proof  Compound,  Aquabar,  Antihydro,  Antihydrine, 
Wunner's  Bitumen-Emulsion;  Coatine,  and  Flexible  Compound. 
In  nearly  all   cases  the  manufacturers,   at  our   request,   gave 
special    instructions    in    regard    to    methods    of   waterproofing 
against  the  pressures  used,  such  instructions  being  usually  fol- 
lowed in  the   tests.     As  the  name  indicates  Universal  Damp- 
Proof  Compound  is  used  for  damp  proofing  and  not  for  water- 
proofing. 
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IV.    METHOD  OF  MAKING  THE  SPECIMENS  AND  OF 
PERFORMING  THE  TESTS 

Making  the  Specimens: — Materials  suflBcient  for  two  speci- 
mens were  first  weighed  out.  The  sand  was  spread  out  evenly 
on  the  mixing  floor  and  upon  this  was  placed  the  cement  in  a 
thin  laj'^er.  Two  men  with  shovels  mixed  the  sand  and  cement 
thoroughly  to  an  even  color  when  a  crater  was  made  in  the  cen- 
ter which  was  filled  with  water.  After  the  water  was  absorbed 
the  mass  was  turned  several  times  until  the  mortar  was  in  the 
form  of  a  thick  past^.  The  stone  which  had  previously  been 
dampened  was  now  spread  over  the  mortar  and  the  whole  turned 
by  two  men  with  shovels  for  five  minutes,  water  being  added  at 
times  with  a  sprinkler.  The  consistency  of  the  concrete  was 
such  that  it  flowed  readily  from  a  pile  on  the  floor.  A  quantity 
of  neat  cement  was  now  mixed  with  suflBcient  water  to  form  a 
thick  paste. 

The  six-inch  pipe  was  placed  on  the  floor  with  fl^.nged-end  up 
and  a  loose  fitting  wood  disk  %  inch  in  thickness  was  dropped 
into  it.  A  wrought  iron  pipe  4l^  inches  in  diameter  and  5 
inches  long,  which  had  been  turned  on  the  outside  to  a  taper, 
was  centered  on  the  wood  disk.  A  lining  of  neat  cement  paste 
varying  from  6/10  to  7/10  inches  in  thickness  was  now  tamped 
into  the  annular  space  between  the  pipes,  care  being  taken  to 
fill  the  grooves  in  the  outside  pipe.  This  lining  was  carried  up 
to  within  one  inch  of  the  top  of  the  inner  pipe,  which  was  then 
filled  with  concrete  to  the  level  of  the  cement  lining,  the  con- 
crete being  tamped  well  with  a  trowel  meanwhile.  The  inner 
pipe  was  now  carefully  drawn  upward  about  three  inches,  and 
the  cement  lining  and  concrete  were  deposited  as  before.  This 
operation  was  continued  until  the  specimen  was  completed,  the 
depth  of  concrete  being  about  12  inches.  The  manner  of  finish- 
ing the  upper  surface  varied  for  the  diflPerent  types  of  speci- 
mens and  will  be  described  later. 

The  cement  lining  and  grooves  were  very  effective  in  prevent- 
Ag  water  from  seeping  along  the  surface  of  the  pipe.  This  was 
ihown  by  chipping  out  the  concrete  and  the  lining  of  several 
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specimens  that  had  been  subjected  to  pressure.  While  damp 
spots  were  found  here  and  there  in  the  pipe,  in  no  case  were 
they  continuous.  Neither  was  there  any  unusual  flow  between 
the  concrete  and  the  cement  lining. 

A  set  of  8  specimens  was  usually  made  for  each  kind  of  water- 
proofing, 4  of  the  specimens  being  tested  at  a  pressure  of  40 
lbs/in*  and  4  at  a  pressure  of  20  lbs/in^.  All  specimens  were 
first  tested  at  pressure  of  40  lbs/in^,  and,  if  satisfactory,  no 
otter  specimens  were  made.  The  duration  of  the  tests  was  about 
3  days,  although  the  time  was  extended  to  7  or  10  days  in  a  few 
cases.  In  order  to  prevent  shrinkage  cracks,  the  specimens  were 
covered  with  damp  cloths  for  a  few  days  after  being  made. 
The  specimens  w^ere  stored  in  air  and  were  35  days  old  when 
tested.  The  pressure  was  at  all  times  applied  to  the  upper  or 
waterproofed  surface  of  the  concrete. 

Performing  the  Tests: — The  specimens  were  securely  bolted 
to  the  castings,  an  Eclipse  rubber  gasket  being  used  between  the 
finished  faces  of  flange  and  casting.  With  the  air  valve  **A'' 
closed  and  the  air  valve  '*B"  opened,  air  was  admitted  to  the 
reservoirs  until  sufficient  pressure  was  obtained.  The  water- 
valve  was  opened  and  water  was  allowed  to  fill  the  %-inch 
tubes.  Care  was  taken  that  the  pressure  did  not  exceed  that 
used  in  the  test,  this  being  regulated  by  opening  the  needle- 
valves.  Air- valve  **B"  was  closed  and  air- valve  ''A''  connect- 
ing with  the  air  reservoirs  was  opened,  thus  subjecting  the  speci- 
mens to  pressure.  Usually  it  was  necessary  to  drain  the  %-inch 
pipes  through  the  needle  valves  until  the  water  level  was  visible 
in  the  glass  tubes. 

The  rate  of  flow  of  the  water  through  the  concrete  was  ob- 
tained by  noting  the  scale  readings  and  the  time.  Pressures 
were  also  noted,  but  they  showed  very  little  decrease  as  the  vol- 
ume of  the  air-reservoirs  was  very  large  compared  to  the  volume 
of  the  %-inch  pipes.  No  readings  were  taken  for  five  minutes 
after  the  pressure  was  on.  As  the  rate  of  flow  rapidly  decreased 
readings  were  taken  at  intervals  of  10  or  15  minutes  for  the  first 
few  hours  and  then  at  intervals  gradually  increasing  from  2  to 
8  hours.  The  bottoms  of  the  specimens  were  frequently  ex- 
amined and  any  dampness  noted. 

[11] 


Digiti 


ized  by  Google 


32  BULLETIN  OF  THE  UNIVERSITY  OF  WISCONSIN 

The  threaded  joint  between  the  6-ineh  pipe  and  the  flange 
was  the  only  unsatisfactory  part  of  the  apparatus.  In  some 
specimens  considerable  leakage  was  noticed  at  this  joint,  the 
cause  no  doubt  being  due  to  the  springing  of  the  joint  when 
bolting  the  flange  to  the  casting.  When  readings  were  taken 
these  joints  were  always  carefully  examined  and  any  leaks 
noted.  The  effect  of  this  leakage  has  been  eliminated  as  much 
as  possible  in  reducing  the  data.  Occasionally  it  has  been  neces- 
sary to  throw  out  the  entire  set  of.  readings  on  a  specimen.  This 
defect  may  doubtless  be  remedied  by  using  a  heavier  flange. 

V.     RESULTS  OF  EXPERIMENTS 

The  compounds  that  were  tested  may  be  classified  as  follows 
according  to  the  manner  in  which  they  were  used : 

(1)  Compounds  that  were  applied  to  the  surface  of  the  con- 
crete. These  may  be  sub-divided  into  three  classes:  (a)  Com- 
pounds which  were  applied  as  surface  paints,  as  Century  Cement 
Fluid,  Des  Moines  Elaterite  No.  60,  Universal  Damp-Proof  Com- 
pound, Antihydrine,  and  Flexible  Compound,  (b)  Compounds 
which  were  applied  in  layers  of  felt,  burlap,  or  tarred  paper 
with  a  cementing  material,  as  Hydrex  Waterproof  Felt  and  Com- 
pound, Siastex  Waterproofing  Fabric  No.  2  and  Pitch,  and 
Dehydratine  No.  4  and  common  tarred  roofing  paper,  (c) 
Coatine  which  is  a  surface  coating  used  in  the  form  of  a  thick 
layer. 

(2)  Foreign  ingredients  that  were  added  to  the  body  of  the 
concrete  as  Limate,  Medusa  Water-Proof  Compound,  and  Aqua- 
bar. 

(3)  Foreign  ingredients  that  were  added  to  a  mortar  coating 
as  Medusa  Water-Proof  Compound,  Aquabar,  Antihydro  and 
Wunner's  Bitumen-Emiilsion. 

A  set  of  specimens  was  made  using  for  waterproofing  an  or- 
dinary mortar  coating  and  a  neat  cement  wash,  this  method  of 
waterproofing  being  frequently  made  use  of  in  reservoirs  under 
a  low  head.  In  order  to  determine  the  effectiveness  of  water- 
proofing materials  in  general,  a  set  of  specimens  was  made  in 
which  the  concrete  was  not  waterproofed. 
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Different  methods,  as  illustrated  in  Fig.  3,  were  used  in  finish- 
ing the  upper  surface  of  the  specimens,  depending  upon  the 
kind  of  waterproofing  compound  used.  As  shown  at  A  and  B 
in  Fig.  3,  the  concrete  was  finished  flush  with  the  top  of  the  pipe, 
the  upper  surface  of  the  concrete  being  well  troweled.  Before 
troweling,  the  specimens  were  allowed  to  stand  a  half  hour  in 
order  that  the  free  water  on  the  concrete  might  be  absorbed. 


-£5  'MKffC*it»»r 


C^Maferprvefi/tff 


Maftr/o/ 


f&f  Cc^rfjr^  for 


.S5' 


^M^hrr  Coating  for 
x^ater/oroof/fff 


C  ^  D 

FI6.3.    SHOWING    MEITHOD  OF   FINISHING 

UPPER    SURFACE    OF    CONCRETE. 


The  cement  lining  extends  to  the  top  of  the  concrete  in  B,  while 
in  A  it  is  cut  off  y^  inch  below.  In  the  specimens  that  were 
coated  with  mortar  (see  C  and  D  of  Fig.  3)  the  surface  of  the 
concrete  was  %  of  an  inch  below  the  top  of  the  pipe.  After  the 
concrete  had  absorbed  the  standing  water  the  mortar  top  was 
added,  the  surface  of  the  concrete  and  the  mortar  being  thor- 
onghly  troweled. 
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In  Tables  III  to  XVI,  inclusive,  are  tabulated  the  results  of 
the  tests.  In  column  1  is  given  the  time  in  hours  counted  from 
the  beginning  of  the  test  and  in  columns  2,  3,  4  and  5  the  cor- 
responding flow  for  the  different  specimens  in  millionths  of  cu. 
ft.  of  water  per  sq.  ft.  of  concrete  surface.  The  corresponding- 
flow  in  pounds  of  water  may  be  obtained  by  multiplying  the 
values  in  the  columns  by  the  constant  .0000102.  Tables  III,  IV, 
VI,  VIII,  XI,  XII,  XIV  and  XVI  show  only  a  part  of  the  data 
because  of  the  length  of  the  test  but  the  data  selected  is  typical. 

The  experiments  will  be  discussed  in  the  same  order  in  which 
the  waterproofing  compounds  have  been  considered.  In  apply- 
ing all  surface  preparations  care  was  taken  to  secure  a  dry  clean 
surface  and  to  have  the  preparation  well  brushed  in. 

Century  Cement  Fluid: — This  is  a  gray  substance  resembling 
caked  putty,  which  was  thinned  with  benzine  to  the  consistency 
of  a  thick  cream  before  being  used.  It  is  sold  by  the  Century 
Cement  Fluid  Co.,  Madisonville,  Ohio.  The  compound  was  ap- 
plied in  three  coats  with  a  brush  at  the  ages  of  14,  24  and  30 
days.  Only  four  specimens  of  the  type  shown  at  B  in  Fig.  3 
were  made  because  of  a  lack  of  time.  These  were  subjected  to 
a  pressure  of  approximately  20  lbs/in^  for  263  hours  and  no  ap- 
preciable flow  was  noted. 

Des  Moines  Elaterite  No,  60: — This  is  a  black  tar-like  liquid 
furnished  by  The  Elaterite  Paint  &  Manufacturing  Co.,  Des 
]VIoines,  Iowa.  It  is  of  the  consistency  of  linseed  oil  and  was  ap- 
plied cold.  Eight  specimens  were  made  similar  to  that  shown 
at  B  in  Fig.  3.  Three  coats  of  the  compound  were  applied  at 
the  age  of  15,  23  and  31  days  for  the  specimens  tested  at  20 
lbs/in^  and  at  the  age  of  10,  17  and  23  days,  for  those  at  40 
lbs/in=.  The  specimens  subjected  to  a  pressure  of  20  lbs/in^ 
showed  no  measurable  flow  during  the  72  hours  that  they  were 
under  pressure.  The  flow  of  the  specimens  subjected  to  a  pres- 
sure of  40  lbs/in^  was  quite  variable.  (See  Table  III.)  The 
duration  of  the  test  was  68  hours.  Specimen  No.  53  was  prac- 
tically impermeable,  the  flow  of  No.  54  and  No.  52  was  moderate 
but  No.  51  showed  excessive  flow.  While  considerable  leakage 
was  noted  at  the  flanged  joint  of  No.  51  and  No.  52,  this  leak- 
age would  not  account  for  the  increased  flow  of  No.  51.    Fur- 
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thermore,  while  the  bottoms  of  No.  53  and  No.  54  were  dry  at 
the  end  of  the  test,  the  bottom  of  No.  51  was  wet  and  that  of 
No.  52  was  damp. 

Universal  Damp-Proof  Compound: — This  is  a  heavy  tar-like 
paint  which  was  secured  from  the  Universal  Compound  Co.,  No. 
88  ilaiden  Lane,  New  York  City.  The  8  specimens  were 
of  the  type  sketched  at  B  in  Fig.  3.  The  compound  was  ap- 
plied at  the  age  of  15,  23  and  30  days  for  the  pressure  of  21 
lbs /in=  and  at  the  age  of  10,  16  and  26  days  for  the  high  pres- 
sure specimens.  As  will  be  seen  by  referring  to  Table  IV  the  re- 
sults at  the  20  lbs/in-  pressure  for  a  period  of  251.5  hours  were 
satisfactory  but  extremely  variable.  Specimens  No.  127  and 
Xo.  130  were  practically  impermeable,  while  specimens  No.  128 
and  No.  129  showed  moderate  flow.  Three  of  the  four  specimens 
that  were  tested  at  a  pressure  varying  from  35  lbs/in^  to  37 
lbs/in-  showed  excessive  flow,  while  considerable  water  entered 
the  fourth  specimen.  (See  Table  V.)  Moisture  was  noted  on 
the  bottom  of  No.  57  within  6  hours  after  the  pressure  was  on,, 
while  Xo.  58  and  No.  56  were  wet  within  16  hours.  Specimen 
Xo,  59  remained  dry  on  the  bottom  during  the  test  which  con- 
tinued for  69  hours.  This  compound  was  unsatisfactory  at  this 
high  pressure. 

Aniihydrine: — This  compound  is  manufactured  by  The  Anti- 
hydrine  Company,  New  Haven,  Conn.  It  is  thin  tar-like  liquid 
which  is  applied  cold.  Because  of  a  lack  of  time  only  4  speci- 
mens of  the  type  showTi  at  B  in  Fig.  3,  were  made.  Three  coats 
of  Antihydrine  were  applied  at  the  age  of  15,  23  and  31  days. 
Under  a  pressure  of  20^/^  lbs/in^  one  of  the  specimen^  was  im- 
permeable, while  the  flow  for  the  remaining  three  was  moderate. 
All  the  specimens  were  dr>^  on  the  bottom  at  the  end  of  the  test, 
which  lasted  about  168  hours.  (See  Table  VI.)  These  speci- 
mens were  removed  from  the  apparatus  and  stored  for  26  days 
when  they  were  tested  at  a  pressure  of  40  lbs/in^  for  79  hours. 
As  will  be  seen  by  referring  to  Table  VII  the  flow  for  each  of 
the  specimens  was  very  small. 

Flexible  Compound: — This  material,  which  resembles  linseed 
oil  in  color  and  consistency,  was  secured  from  S.  P.  Holmes  & 
Co.,  Chicago,  111.     Before  applying  the  compound  it  was  mixed 
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with  white  lead,  the  proportions  being  25  pounds  of  lead  to  one 
gallon  of  the  compound,  the  mixture  being  of  a  creamy  consist- 
ency. A  set  of  specimens  was  made  similar  to  that  shown  in 
Fig.  3  at  B.  Three  coats  of  the  waterproofing  were  used;  ap- 
plied at  the  age  of  15,  23  and  30  days  for  the  low  and  at  10,  16 
and  26  days  for  the  high  pressure  specimens.  The  results  at 
€ach  pressure  were  very  satisfactory  (see  Tables  VIII  and  IX), 
the  flow  being  small  and  uniform.  The  first  set  of  speci- 
mens was  tested  at  a  pressure  of  approximately  21  lbs/in*  for 
251.5  hours,  and  the  second  set  at  a  pressure  varying  from  35 
lbs/in^  to  37  lbs/in^  for  69  hours. 

Hydrex  Waterproof  Felt  and  Compound: — These  materials 
were  purchased  from  the  Hydrex  Felt  and  Engineering  Co., 
New  York  City.  Four  specimens,  similar  to  those  shown  in 
Fig.  3  at  A,  were  treated  with  these  compounds  at  the  age  of 
19  days.  The  compound  was  heated  so  that  it  ran  readily  from 
a  stick  and  was  then  quickly  applied  with  a  swab  in  an  even 
layer  to  the  upper  surface  of  the  concrete.  A  sheet  of  felt  was 
now  placed  on  the  compound  and  well  smoothed  with  a  brush. 
Alternate  layers  of  compound  and  felt  were  applied  until  the 
specimen  was  covered  with  three  thicknesses  of  felt  and  four 
layers  of  the  compound.  The  sheets  of  felt  were  of  suflBcient 
size  to  extend  outside  of  the  flange.  This  waterproofing  gave  ex- 
cellent results,  the  specimens  showing  no  flow  whatever  when 
subjected  to  a  pressure  of  40  lbs/in'^  for  163  hours. 

Siastex  Waterproofing  Fabric  No,  2  and  Pitch: — These  ma- 
terials were  obtained  from  the  Sicilian  Asphalt  Paving  Co.,  New 
York  City.  The  form  of  specimen  used  and  the  manner  of  ap- 
plying the  waterproofing  were  exactly  the  same  as  for  Hydrex 
Waterproofing  Felt  and  Compound.  The  specimens  were  treated 
at  the  age  of  11  days.  The  test  continued  for  68  hours  at  a 
pressure  of  39  lbs/in^  and  the  specimens  showed  no  permeability 
whatever. 

Dehydratine  No,  4  and  Tarred  Roofing  Paper: — Dehydratine 
No.  4  is  manufactured  by  the  A.  C.  Horn  Co.,  New  York  City. 
It  is  a  black  tar-like  liquid  of  medium  consistency  which  was  ap- 
plied cold.  Tarred  roofing  paper  similar  to  that  found  in  or- 
dinary  building   construction    was   used   with   this   compounds 
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The  four  specimens  were  of  the  type  sketched  at  A  in  Fig.  3,  and 
the  materials  were  applied  in  the  same  manner  as  was  the 
Hydrex  Pelt  and  Compound  with  this  exception/  Two  coats  of 
Dehydratine  were  applied  to  the  surface  of  the  specimens  and 
to  the  upper  sheet  of  roofing  paper,  the  first  coat  being  quite  dry 
when  the  second  coat  was  added.  As  wiU  be  seen  by  referring 
to  Table  X  the  flow  at  a  pressure  of  40  lbs/in*  was  practically 
zero  for  the  66  hours  that  the  test  continued. 

Coatine: — This  is  a  gray  fibrous  material  resembling  soft  putty 
and  was  obtained  from  the  H.  B.  Morgan  Co.,  Grand  Crossing, 
Chicago.  It  does  not  appear  to  harden  and  was  still  quite  plas- 
tic 35  days  after  applying.  Eight  specimens  were  made  of  the 
form  shown  at  D  in  Fig.  3  but  with  Coatine  used  in  place  of 
mortar.  In  order  to  secipre  adhesion  between  the  Coatine  and 
the  concrete  and  cement  lining,  the  surface  of  the  latter  was 
roughened  with  a  trowel  and  allowed  to  set  thoroughly  before 
the  Coatine  was  applied.  The  layer  of  Coatine  was  placed  on 
the  specimens  at  the  age  of  5  days,  care  being  taken  to  secure  a 
good  joint  by  proper  troweling.  Table  XI  shows  the  flow  for 
three  specimens  at  a  pressure  of  20  lbs/in^  for  74  hours.  Speci- 
men No.  193  was  impermeable  while  No.  192  and  No.  195  gave 
a  very  slight  flow.  In  Table  XII  are  given  the  results  for  the 
specimens  tested  at  an  average  pressure  of  38  lbs/in^.  Speci- 
men No.  200  was  impermeable.  No.  202  practically  so,  while  No. 
203  showed  a  slight  flow  and  No.  201  a  moderate  flow.  How- 
ever, the  needle  valve  of  No.  201  leaked  throughout  the  test,  and 
this  will  account  in  part  for  the  increased  flow  of  the  specimen. 

Antihydro: — This  is  a  thin  liquid,  greasy  in  consistency  and 
containing  a  brown  sedimei^t.  It  was  secured  from  the  F.  M. 
Hausling  Co.,  New  York  City.  Eight  specimens  were  made  of 
the  type  shown  at  D  in  Fig.  3.  After  the  concrete  had  absorbed 
the  water  standing  on  its  surface,  the  mortar  coating  was  applied 
in  three  parts,  the  total  thickness  being  %  of  an  inch.  The  con- 
crete was  first  covered  with  a  slush  coat  or  grout  of  neat  cement  to 
a  thickness  of  %  of  an  inch.  This  was  followed  by  a  scratch 
coat  of  mortar  %  to  %  of  an  inch  thick,  the  proportions  being 
one  part  of  cement  to  two  parts  of  sand.  After  the  initial  set- 
ting of  the  scratch  coat,  the  finish  coat  of  mortar  was  applied,  its 
2  [17] 
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^..^•^  ..«  .  ^  I  in  ma  ind  the  proportions  one  part 
,.,3^.  ^^  :i*.":  I  ^tfaL  Eac'li  ecating  was  gaged  with  a 
^^.-^  ..  -^  ^-'^  *z'-::!Vfin}.  The  proportions  by  volume  be- 
2X1  ir  '-i-"  -  '  ^'  -■-'  ^'  *o  -  *  par^  of  water.  Care  was  taken 
^  ..  _  -  ••  '«• '1  -'arniT-  The  n?sults  at  a  pressure  of  40 
-.  •  ^  -  ^::>iic«7»nr  s$  will  be  seen  by  referring  to 
'*:r  V  vris  >ni.i.!  and  uniform  for  the  different 
.  -.  ^  '\'--^r^r.i}a  <yt  specimen  No.  190,  which 
.^. .  ^.  .Hii^  .:  •^•r  ^'iin^  joint  (see  Table  XIV),  the  speci- 
^,  ^  -       •.  '     :iiv^ns*'iiKe  for  a  pressure  of  20  lbs/in^ 

_    V  .^.,     <-v«' :r:ens  were  made  similar  to  that 

-'  •-:    k     A  ^t-ineh  mortar  coat  of  the  propor- 

'.  .ji>.  -  -a:"  :»-'  V-^  parts  sand,  was  applied  to  the  con- 

., ...  . .    V  :ic  v;LI  trv>weled.     At  the  age  of  14  and  23 

..   ^     .  ^     -.  •    •■    M.-a  s^wimen  was  painted  with  a  coating  of 

^,  .   i    f^Ndx-  ^vnsistency.     The  cement  and  mixing 

^.         .    *     >  .    ••^Airevl   with   any   waterproofing   compounds. 

nw  -    ^^»    'h'ps  that  were  tested  at  a  pressure  of  39 

,^  >^     "    \o  XV     ^Hve  satisfactory^  results.     Specimen  No. 

^.  ^         .    \  *  >j^  N»'   V^w.  dampness  being  noted  on  the  bottom  24 

.,     ^     -      '.'x.vi-v  vva^  applied.     The  flow  was  moderate  for  the 

»n  >*xN   »'^  ''^  ''^^^  ^^"^^  subjected  to  a  pressure  of  19i/^  lbs/in^ 

^H     >  .1  \\  r .     iVing  to  defective  apparatus  it  was  not  pos- 

.    '  v:  v|\v.?tion  No.  135. 

^  V  »    ^^M'vNutx'^  of  40  lbs  in-  and  20  lbs/in^  were  also  made 

.  "    >  .vi  Wvtior  PnH>f  Compound,  Limate,  Aquabar,  Wunner'a 

<        ,.i  >'>Mu!Niv»n  and  plain  concrete,  but  the  results  obtained 

^..>    .v^»' '  vtiu^r.     Additional  tests  on  these  materials  are  de- 

V>vL,  thc>io  two  facts  were  brought  out: 
4ll  \Hhou   Medusa  Water-Proof  Compound,  Limate  and 
r  ^n*»v  adilnl  to  the  body  of  the  concrete  and  not  in  the 
fi  Hii^rtar  oo^Uing,  unsatisfactory  results  were  obtained  in 
of  k^  sptvimens, 
*  111!  sptrimens  of  plain  concrete  were  wet  on  the  bottom 
it^  i^r  at  tho  end  of  3  daj^,  thus  showing  the  effective- 
10  v^f  the  waterproofings  discussed  in  this  bulletin. 
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VI.     COMPRESSION  TESTS  ON  CONCRETE. 

Concrete: — The  proportions  by  volume  of  the  concrete  were 
1 ;  3 : 5.  The  cement,  sand,  and  stone  used  were  the  same  that 
were  described  under  the  permeability  tests.  The  concrete  was 
machine-mixed,  the  following  method  being  used  except  in  the 
case  of  Medusa  Water-Proof  Compound.  Sufficient  sand,  ce- 
ment, and  stone  were  weighed  on  a  scale  to  make  2%  cu.  ft.  of 
concrete.  The  sand  and  cement  were  thrown  into  the  mixer  in 
the  order  named.  The  mixer  was  run  about  one  minute,  suffi- 
cient water  being  slowly  added  to  form  a  stiff  mortar.  The  stone 
was  now  dumped  into  the  mixer  and  the  whole  mass  turned  for 
1^  minutes,  the  water  being  again  gradually  added  until  the 
concrete  was  of  a  wet  consistency. 

Waterproofing  Compounds: — The  compounds  tested  were  Li- 
mate,  Medusa  Water-Proof  Compound,  and  Aquabar. 

Making  of  Specimens: — The  compression  specimens  were  of  a 
cylindrical  form,  6  inches  in  diameter  and  18  inches  high,  cast 
iron  molds  being  used.  After  the  molds  were  set  up  on  a  hori- 
zontal plate,  the  concrete  was  deposited  in  them  in  layers,  it  be- 
ing well  stirred  with  a  steel  rod.  Sufficient  concrete  was  used  so 
that  after  settling,  its  surface  was  slightly  below  the  top  of  th  * 
cylinder.  In  a  few  days  the  upper  surface  of  the  concrete  was. 
plastered  with  1 : 1  mortar,  the  surface  of  the  mortar  being  fin 
ished  flush  with  the  top  of  the  cylinder.  Cylinders  treated  with 
each  of  the  waterproofing  compounds  were  made  with  6  in  each 
set.  and  8  cylinders  of  plain  concrete  were  made. 

Performing  the  Tests: — The  cylinders  were  broken  in  a  Riehl^ 
T'niversal  testing-machine  of  100,000  lbs.  capacity  at  the  ages  of 
35,  62.  and  292  days.  Three  sheets  of  blotting  paper  were  used 
at  the  tops  and  bottoms  of  the  specimens  when  tested. 

Besults  of  Experiments: — ^In  Table  XVII  are  given  the  results 
of  the  tests  which  will  now  be  considered. 

(a)  Plain  Concrete: — ^Por  some  unexplained  reason  the 
strength  of  the  plain  concrete  specimens,  marked  P,  is  about 
6  per  cent  less  at  292  days  than  at  62  days. 

(b)  lAmate: — This  material  is  a  hydrated  lime  obtained  from 
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the  Western  Lime  and  Cement  Co.,  Milwaukee,  Wis.  Pour  sets 
of  specimens  were  made,  the  ratio  by  weight  of  Limate  to  the  ce- 
ment for  the  different  cylinders  being  10  per  cent,  14  per  cent, 
18  per  cent  and  22  per  cent,  respectively.  In  each  case  the  Li- 
mate replaced  an  equal  weight  of  the  cement.  The  Limate  and 
cement  were  first  thoroughly  mixed  dry  by  hand.  This  mixture 
with  the  sand  was  then  thrown  into  the  mixer  and  the  mixing 
process  carried  on  as  before  described.  The  specimens  marked 
iilO,  L14,  etc.  (see  Table  XVII)  indicate  those  in  which  the  Li* 
mate  is  equal  to  10  per  cent,  14  per  cent,  etc.  of  the  weight  of  the 
cement.  As  shown  in  this  table,  the  use  of  Limate  usually  in- 
creased the  strength  of  the  concrete,  this  effect  being  especially 
marked  with  the  LIO  and  L14  specimens. 

(c)  Medusa  Water-Proof  Compound: — This  is  a  dry  powder 
furnished  by  the  Sandusky  Portland  Cement  Co.  of  Sandusky, 
Ohio.  A  quantity  of  the  compoimd  equal  to  2  per  cent  of  the 
weight  of  the  cement  was  thoroughly  mixed  dry  with  the  cement. 
Water  was  slowly  added  to  this  mixture  while  at  the  same  time 
it  was  well  troweled.  The  addition  of  water  and  the  troweling 
were  continued  until  the  mixture  was  of  a  damp  consistency.  It 
was  now  thrown  into  the  mixer  with  the  sand,  and  the  mixing 
completed  as  before  outlined.  By  referring  to  Table  XVII  it 
will  be  seen  that  the  cylinders  (mark  M)  treated  with  this  com- 
pound were  stronger  than  those  of  plain  concrete  at  correspond- 
ing ages.  Furthermore,  there  is  a  decided  increase  in  strength 
with  age.  • 

(d)  Aquabar: — This  compound  was  obtained  from  the  Aqua- 
bar  Co.,  Philadelphia,  Pa.  This  is  a  material  in  gelatine  form 
which,  when  properly  diluted,  is  used  to  temper  the  mortar  or 
concrete.  The  compoimd  was  thoroughly  mixed  with  water  in 
the  proportions  of  2  gallons  of  the  compound  to  48  gallons  of 
water.  The  concrete  for  these  cylinders  was  mixed  as  before  ex- 
plained with  this  exception,  that  the  Aquabar  solution  instead  of 
water  was  used  to  temper  the  mortar  and  the  concrete.  The  re- 
sults (see  Table  XVII)  were  very  unsatisfactory,  the  Aquabar 
specimens  (mark  Aq)  showing  from  46  per  cent  to  64  per  cent 
of  the  strength  of  plain  concrete  at  corresponding  ages. 
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TABLE  1. 

Analysis  of  Local  Libcbstonb. 

Per  cent  Voids=43.5.     Wt.  per  cu.  ft.  =90. 5  lbs. 


Diameter  of  Mesh,  Ins. 

Amount  Re- 
tained, lbs. 

Per  cent 
Passing. 

1  25                    

0 

1.0 
2.5 
15.0 
11.0 
2.25 
4.5 
5.5 

100 

1.00 

07.6 

75                         .      

91.6 

SO 

55.6 

33    ^     ,.     ,', 

29.4 

25                     

25.0 

14                       

13.2 

Resldne 

10.8 

TABLE  IL 
Analysis  of  Sand. 
Per  cent  Voids  =  37.    Wt.  per  cu.  ft.  =94i  lbs. 


Bleve  Number. 

Diameter 
of  Mesh. 

Per  cent 
Passing. 

j»                    

.25 

.131 

.073 

.042 

.C34 

.022 

.015 

.011 

.0078 

.0045 

100* 

A 

99.5 

Id                  

94.3 

87.5 

20                    

83.9* 

«n 

70.0 

4i% 

58.0 

CA 

26.0 

7X                              • I.....* 

19.5 

100    

6.7 
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TABLE  III. 
Pbbmsability  of  Concrete   Specimens  Treated  with  Des   Moines 
Elatehitb  No.  60. 
Pressure,  40  lbs/in*.     Age,  35  days. 


Time  in  Hoitrs 
FROM  Begin- 

Flow  in 
ter  per 

^IlL1>IONTHS  OF  CU.  Ft.  OF  WA- 

Sg.  Ft.  or  Concrete  Surface. 

Remarks. 

NINO  OF  Test. 

No.  53. 

No.  54. 

No.  51. 

Nai52. 

0.0 

0 

0 

a 

o 

0 

0.2 

0 

130 

0 

1.3 
3.3 

0 
130 

530 
930 

1 

2S 

0 
0 

4.1 

130 

1060 

1 

130 

No.  52  leaking. 

14.3 

530 

3440 

< 

530 

*.            ..                      .4 

15.9 

530 

3580 

0 

930 

No.  51  leaking. 

16.8 

530 

3980 

3180 

1460 

20.9 

530 

4500 

4510 

4110 

"     .. 

25.7 

530 

5040 

5430 

6500 

26.7 

530 

5160 

5570 

6630 

No.  52  leaking. 

36.9 

530 

5960 

6760 

7020 

*t     4. 

41.2 

530 

6230 

8090 

7160 

46.7 

530 

6500 

9550 

7820 

50.2 

530 

6630 

12590 

8880 

• 

60.7 

530 

7160 

22800 

10200 

67.9 

530 

7550 

27800 

10600   ] 

No.  51  wet  on  bottom. 
No.  52  damp  on  bottom 

[22] 


Digiti 


ized  by  Google 


McOTLLOUGU TESTS  ON  THE)  PERMEABILITY  OF  CONCRETE       23 


TABLE  IV. 

PKHlfRABn.TTY  OF   OONCRBTB  SpBCIMBNS  TREATED  WITH  UnIVBRSAL 

Damp-Proof  Compound. 
Prbssurb  21  lbs   /in*.    Age,  35  days. 


Tim   IN 

HOUBS 

rsoM   Bb- 

PlX>W  IN  MlIiUONTHS  OF  CU.  Ft.  OF  WATER 

Pkb  Sq.  Ft.  of  Conobbtb  Surface. 

Remarks. 

QimnvQ 
OF  Tmt. 

No.  128. 

No.  129. 

No.  130. 

No.  127. 

0.0 

6 

0 

0 

Small  leak  In  No.  128  &  129. 

0.3 

0 

115 

0 

1.0 

230 

345 

0 

11.3 

3680 

2740 

230 

Small  leak  in  No.  129. 

16.4 

4370 

3450 

•     345 

20.5 

4720 

4140 

' 

460 

"     .»    .»     .. 

24.8 

5000 

4950 

575 

40.4 

5080 

7140 

1 

805 

50.S 

6440 

8050 

920 

63.S 

6790 

9090 

J§ 

920 

..             ..         »»             4. 

84.0 

7380 

10340 

1035 

10>.S 

TWO 

11500 

1035 

131.5 

h290 

12400 

1035 

155.5 

8630 

12880 

1150 

179.5 

8860 

13100 

1150 

20B.8 

9000 

13210 

1150     ' 

227.5 

9440 

13330 

1150 

251.5 

9660* 

13330 

1150 
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TABLE  V.     • 
Permeability    of    Concrktb    Specimens    Treated    with    Universal 
Damp-Proof  Compound. 
Pressure,  36  lbs/in*.     Age,  35  days. 


Time  in 
Hours 

FROM 

Begin- 

FiX)iif IN  MillionthsofCu.  Ft.  of 

Water  per  9q.  Ft.  of  Concrete 

Surface. 

Remarks. 

ning   OF 
Test. 

No.57. 

No.  58. 

No.  56. 

No.  59. 

0.0 

0 

0 

0 

0 

0.4 

1720 

130 

1720 

0 

1.0 

5570 

795 

1720 

265 

2.9 

14430 

1325 

3180 

530 

5.9 
15.7 

27500 
43100 

17100 
38300 

16300 
39200 

2520 
15620 

mo.  56 leaklnsr freely. 

1  No.  57  wet  on  bottom. 

J  No.  56  leaking  freely. 

( No.  56  &  No.  58  wet  on  bottom. 

19.9 

48000 

43200 

43900 

19090 

• 

28.4 

55000 

5  000 

Is 

24500 

39.2 

63500 

58400 

Is 

Is 

1 

31200 

43.6 

66000 

61900 

32350 

46.7 

67500 

63500 

33550 

48.3 

68600 

64300 

34100 

62.5 

76100 

71700 

39900 

67.5 

78400 

73850 

41500 

60.3 

79000 

74500 

.a© 

DC 

42000 
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TABLE  VI. 

PERMKABTf.lTY  OF  CONCRETE  SPECIMENS  TbBATBD  WITH  ANTIHTDRINE. 

Pressure,  20i  lbs/in*.     Age,  35  days. 


Time  in 

HOTBS 
FBOM  Bs- 

FlX>W  IN  MlLIilONTHS  OF  CU.  FT.  OP  WaTBR 

PBR  Sq.  Ft.  of  Conobbte  Surface. 

Remarks. 

GINKINQ 

or  Test. 

No.  175. 

No.  176. 

No.  177. 

No.  178. 

0.0 

0 

0 

0 

0.2 

0 

0 

0 

0.4 

0 

130 

0 

1.3 

0 

265 

0 

1.6 

130 

400 

0 

.7 

400 

660 

530 

15.6 

1865 

1325 

1855 

No.  178  leaking. 

27.7 

3180 

1990 

2920 

30.5 

3840 

1 

2780 

3710 

49.7 

4110 

& 

3180 

4240 

63.9 

4510 

3710 

4910 

84.3 

4770 

3960 

5560 

107.5 

5300 

4110 

6360 

132.5 

5070 

4770 

7560 

156.1 

esoo 

4910 

7950 

179.7 

0900 

5040 

8210 

204.2 

rieo 

5300 

8750 

227.9 

7700 

5560 

9290 
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TABLE  VII. 

Pbrbcsability  of  Concrbtb  SpjEBCimcNS  Treated  with  Antihydrinb. 

Prosftitre,  40  lbs  /in*.     Age,  64  days. 


Hours 

FROM 

Flow  in  Miloonths  of  Cu.  Ft.  of  Water  per 
8q.   Ft.  of  Concrete  Surface. 

Remarks. 

Beginning 
OP  Test. 

No.  178. 

No.  177. 

No.  175. 

No.  176. 

0.0 

0 

0 

0 

0 

0.2 

0 

0 

0 

0 

1.0 

0 

0 

0 

115 

1.8 

0 

115 

0 

115 

6.6 

230 

115 

460 

230 

No.  175  leaking. 

25.8 

920 

920 

2070 

690 

..            .4 

31.3 

1150 

1035 

2300 

805 

47.3 

1610 

1380 

2760 

1265 

55.3 

1840 

1610 

299) 

1495 

73.8 

2300 

1840 

3450 

2070 

79.1 

2530 

1955 

35^ 

2185 
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TABLE  VIII. 

Pmure ABILITY    OF    COKCKBTE  SPECIMENS    TREATED  WITH  FlBXIBLB  COM- 
POUND AND  WniTB  Lead. 
Pressure,  21  lbs/  ia*.     Age,  35  days. 


Trm  iw 
Hours  FROM 

BSQINNIRG 

orTwT. 

Flout  iw    Mh-xjonths  or  Cu.  Ft.  or  Water  fbr 
Su.  Ft.  op  Conorbte  Surfaob. 

Remarks. 

No.  132. 

No.  133, 

No.  134. 

No.  131. 

0.0 

O 

0 

0 

0 

0.3 

130 

0 

0 

130        , 

1.0 

40O 

0 

0 

130 

11.3 

1190 

400 

530 

530 

16.4 

1190 

530 

660 

660 

20.5 

1325 

530 

795 

660 

14.8 

1460 

796 

030 

795 

40.4 

1720 

1190 

1460 

1060 

50.5 

1720 

1325 

1590 

190 

63.5 

1990 

1500 

1855 

1325 

M.O 

2250 

2120 

2385 

1500 

108.3 

2520 

2660 

2920 

1990 

131.5 

2780 

3040 

3180 

2250 

155.5 

306O 

3440  . 

3440 

2520 

im       1           3320 

3840 

3960 

2650 

227.5 
251.5 

3580 
3840 

4240 
4610 

4370 
4760 

2915 
3180 

3960 

j           480 

5160 

3310 

\ 

/ 
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TABLE  IX. 
Pbrmbabilitt  op  Concrete  Specimens  Treated  wish  Flexible  Com- 
pound AND  White  Lead. 
Pressure,  36  lbs/in*.     Age,  35  days. 


TlM»  15 

Hours  FROM 

Flow  in  MiLiiiONTBS  OF  Cu.  Ft.  of  Water 
PER  Sq.  Ft.  of  Concrete  Surface. 

Remarks. 

Beginning 
of  Test. 

No.  62. 

No.  6  . 

No.  61. 

No.  56. 

0.0 

0 

0 

0 

0 

0.4 

230 

0 

0 

230 

1.0 

230 

0 

0 

460 

2.9 

690 

0 

0 

805 

5.9 

1095 

230 

115 

1380 

15.7 

1840 

345 

230 

2760 

19.9 

2185 

575 

345 

3335 

28.4 

2875 

920 

345 

4140 

39.2 

?680 

1380 

575 

5290 

43.C 

4025 

1610 

575 

5635 

• 

46.7 

4255 

1725 

575 

5980 

48.3 

4370 

1725 

575 

0095 

62.5 

5405 

2185 

690 

7246 

67.5 

6210 

2300 

690 

7590 

69.3 

6555 

2415 

805 

7820 
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TABLE  X. 

PBRXBABrLITT   OP    CONCRETE    SpBCIMBNS    TrBATBD    WITH    DbHYDRATINB 

No.  4  AND  Tarred  Roofing  Paper. 
Pressure,  40  lbs  /in*.     Age,  35  days. 


TiMxnr 

HOOBS 
TROM 

FliOW  IW    MlIiLIOKTHS   OF  CU.  Ft.  OF  WATBR  PbB 

8q.  Ft.  of  Conobbts  Surface. 

Remarks. 

BBOiicmiia 
OF  Test. 

No.  110. 

No.  m. 

No.  108. 

No.  109. 

0.0 

0 

0 

0 

0.5 

0 

0. 

0 

1 

l.S 

0 

0 

0 

2.8 

0 

0 

0 

4.8 

0 

0 

• 

0 

14.3 

230 

0 

115 

17.3 

230 

0 

1 

115 

ao.o 

230 

0 

115 

25.0 

230 

0 

o 

115 

30.4 

230 

0 

115 

41.5 

44.0       1 

315 

115 

115 

460 

230 

230 

«.4        1 

575 

345 

230 

64.0 

690 

345 

345 

05.8 

000- 

400 

345 
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TABLE  XL 

Permeability  of  Concrete  Specimens  Tre^itbd  with  Coatine. 

Pressure,  20  lbs/in*.     Age,  35  Days. 


Time  IN 
Hours 

FROM 

Flow  in  Millionths  of  Cu.  Ft.  of  Water 
Pbh  Sq.  Ft.  of  Concrete  Surface. 

Remarks. 

Beginning 
or  Test. 

No.  192. 

No.  194. 

No.  193. 

No.  195. 

0.0 

0 

0 

0.8 

0 

130 

1.1 

130 

130 

2.8 

265 

265 

4.2 

400 

• 

265 

5.0 

400 

2^ 

6.0 

400 

i 

265 

8.5 

400 

c3 

B 

Be 

40) 

20.9 
29.7 

665 
795 

1 

i 

530 
530 

32.4 

795 

665 

44.0 

1060 

795 

53.8 

1190 

1060 

56.5 

1190 

1060 

68.0 

1190 

1060 

74.0 

1325 

1060 
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TABLE  XII. 

PKRMEABrLITY  OP  CONCRETE  SpECIMBN9  TREATED  WITH    COATINE. 

Pressure,  38  lbs  /in*.     Age,  35  days. 


TUfB    IN 

Hours 
FBOX  Be- 

Plow  iw  Milliorthb  of  Cu.  Ft.  of  Water 
Per  9q.  Ft.  of  Gonorbtb  Surface. 

Remarks 

Gurnivo 
OF  Tbst. 

No.  203. 

No.  200. 

No.  202. 

No.  201. 

0.0 

0 

0 

0 

0.2 

130 

130 

0 

0.8 

130 

265 

t30 

1.5 

265 

530 

265 

5.0 

590 

796 

1060 

8.8 

530 

Be' 

795 

1460* 

22.5 

530 

795 

2920 

No.  201  leaking. 

24.2 
40.2 

Tfl5 
796 

s 

795 
795 

3050 
3580 

No.  201  continued  to  leak 
throughout  the  test. 

48.1 

$130 

795 

3840 

fl2.6 

930 

795 

4110 

72.1 

1105 

- 

795 

4770 

96-9 

11% 

,        795 

5960 

120.8 

1460 

'         795 

7290 

144.7 

15P0 

,         795 

8210 
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TABLE  XIII. 

Pbbmbabilitt  op  Concrete  Specimens  Treated  with  Antihydro. 

Pressure,  40  lbs/in*.     Age,  35  days. 


TiMBIN 

Hours 

FBOM    BE- 

Flow  in  Millionths  of  Cu.  Ft.  of  Water  per 
8q.  Ft.  of  Concrete  Surface. 

Remarks. 

GINNINU 

or  Test. 

No.  106. 

No.  104. 

No.  105. 

No.  103. 

0.0 

0 

0 

0 

0 

0.5 

930 

660 

460 

1190 

1.5 

1990 

1500 

1325 

2250 

2.8 

2.520 

1990 

1720 

2520 

4.8 

2920 

2250 

2250 

2780 

U.3 

3320 

2520- 

2915 

3040 

17.3 

3320 

2520 

3040 

3040 

20.0 

3320 

2520 

3040 

3040 

25.0 

3440 

2520 

3180 

3040 

Small  leak  in  No.  105. 

30.4 

3440 

2650 

3310 

3180 

41.5 

3580 

2660 

3580 

3310 

.4       ..      »»    ..       ». 

44.0 

3580 

2650 

3710 

3310 

"      "    "      " 

52.4 

srio 

2650 

4640 

3440 

64.0 

3840 

2720 

5430 

3580 



06.8 

3840 

2720 

5560 

3580 
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TABLE  XIV. 
Permeability  of  Concrete  Specimens  Treated  with  Antihydro. 
Pressure,  20  lbs/in^     Age,  35  days. 


TllOE    IN 
HorB^  FROM 

Flow  in  MiiiLiONTHS  of  Cu.  Ft.  of  Water 
PER  Sq.  Ft.  of  Ooncrbte  Sitrfacb. 

Remarks. 

Bbgikninq 
or  Tbst. 

No-  189. 

No.  191. 

•No.  190, 

No.  188. 

0.0 

0 

0 

0 

0 

0.2 

345 

345 

460 

345 

0.4 

575 

690 

690 

345 

0.8 

920 

920 

1150 

1265 

2-2 

1380 

1150 

1725 

1610 

3.7 

1610 

1160 

1840 

1840 

5.5 

1725 

1150 

1955 

16.7 
21.7 

1955 

1150 

2300 

2070 

1150 

3220 

2415 

26.2 
29.2 

2070 

1150 

3340 

2415 

2070 

1150 

3450 

2415 

40.6 

2O70 

1150 

3010 

2415 

50.2 

2oro 

1150 

4260 

2530 

64.7 

2070 

1150 

4950 

2530 

68.7 

2070 

1150 

5060 

2530 

140.8        1 

2070 

1150 

5060 

2530 

•No.  190  leaked  tliroutfliout  the  test. 
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TABLE  XV. 

Permeability  of  Concrete  Spbcimbns  Treated  with  Plain  Mortar. 

Pressure,  39  lbs/in^.     Age,  35  Days. 


Time  IN 

HOUB8 
FROM 

Flow  in  Miluonthb  of  Cu.  Ft.  of  Water 
PER  8q.  Ft.  of  Concrete  Surface. 

Remarks. 

Bbgi»- 
NiNG  or 
Test. 

No.  63 

No.  64. 

No.  65. 

No.  66. 

0.0 

0 

0 

0 

0 

0.4 

806 

460 

460 

1485 

1.7 

1950 

1380 

1380 

4370 

4.9 

2530 

1950  . 

1840 

9200 

14.9 

3105 

2640 

2185 

19200 

19.4 

3340 

2880( 

2300 

24400 

24.2 

3450 

3110 

2300 

25250 

No.  66  damp  on  bottom. 

28.0 

3450 

3220 

2415 

27000 

37.4 

3680 

3450 

2415 

30400 

No.  66  wet  on  bottom. 

42.1 

3680 

3680 

2415 

31600 

47.8 

3800 

3800 

2530 

33000 

50.8 

3800 

3910 

2530 

33706 

62.1 

3010 

4140 

2530 

35900 

67.8 

4030 

4160 

2530 

36900 
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TABLE  XVI. 

PK&MKA.BIL.rrY    OF    CONCRETE  SPECIMENS   TREATED  WITH  PlAIN  MoRTAR. 

Pressure,  19i  lbs  /in?.     Age,  35  days. 


TiMK  IN 

HOCTRS 

FROM 

FL.OW  IN  MII.LIONTH8  OF  Cu.  Ft.  OF  WaTBB  PER 

Sq.  Ft.  of  Concrete  Surface. 

Remarks. 

BSOIXTVINO 
or    T^WT. 

No.  135. 

No.  136. 

No.  137. 

No.  138. 

O.O 

0 

t 

0 

0.3 

660 

o 
S 

660 

0.8 

660 

1 

1325 

1.2 

796 

1 

1590 

3.0 

1190 

1 

1990 

4.6 
5.9 

1 

1460 
1720 

1 
0 

2250 
2520 

9.1 

^ 
-e 

1850 

1460 

2780 

20.3 

03 

^120 

1720 

3440 

26.3 

C3 
-< 

2250 

1720 

3710 

32.5 

2250 

1990 

3710 

43.5 

2250 

2120 

3980 

48.2 

2250 

2250 

4110 

56.3 

2250 

2380 

4240 

67.7 

2250 

2520 

4510 

80-3 

2250 

2780 

4770 

93.1 

2250 

2780 

5040 

[35] 


Digiti 


ized  by  Google 


36 


BULLETIN  OF  THE  UNIVERSITY  OP  WISCONSIN 


TABLE  XVII. 

Effect  of  WATERPROOFrNG  Compounds  on  the  Compressive  Strength 

OF  1 :  3 :  5  Concrete. 


Ultimate  Comprbssivh  Strength 

IN  Lb8/in«. 

Spboimenb. 

Acre,  35  days. 

Afire,  62  days. 

Afire,  292  days. 

Average. 

Averatfe. 

Averajre. 

p 

»40 

780 

1110 
1160 

1330 
880 
930 

1140 

620 

p 

p 

p 

860 

480 
570 

1200 
1180 

1270 
1320 

1000 
1190 

1250 
10.0 

1090 
1160 

1135 

1070 

Aq. 

570 
530 

1110 
960 

1130 
1050 

1040 
860 

1000 
750 

970 
890 

Aq. 

550 

525 

620 

LIO 

1240 
1210 

1130 
1300 

1040 
1020 

1340 
1140 

•1270 
1220 

LIO 
L14 

1035 

1190 

1225 

LU 

L18 

1090 

1295 

1215 

L18 
L22 

950 

1095 

1030 

L22 
M 

875 

1140 

1240 

M 

930 

1125 

1245 

•This  specimen  was  broken  by  mistake  at  acre  of  224  days. 
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INTRODUCTION 


Of  the  properties  of  binary  alloys  of  iron  with  the  common 
metals  comparatively  little  is  known.  This  is  attributed  to  the 
fact  that  pure  iron  with  which  to  alloy  copper  or  nickel,  or  tin, 
or  others  of  the  metallic  elements,  has  been  a  rare  laboratory 
product,  and  interest  has  been  directed,  naturally,  to  alloys 
made  from  commercial -materials. 

Based  upon  the  discovery  of  a  simple  method  of  refining  iron 
electrolytieally,  an  extensive  line  of  laboratory  investigation 
was  begun  five  years  ago  in  the  Applied  Electrochemistry  Lab- 
oratory of  the  University  of  Wisconsin,  and  has  been  carried  on 
almost  without  interruption  since  that  time.  This  investiga- 
tion has  consisted  in  the  production  and  study  of  the  properties 
of  aUoys  of  iron,  eliminating  as  far  as  possible  the  common  im- 
parities, sulphur,  phosphorus,  silicon,  manganese  and  carbon. 

This  work  has  been  conducted  through  facilities  afforded  by 
the  College  of  Engineering  of  the  University  of  Wisconsin  and 
through  grants  from  the  Carnegie  Institution  of  Washington. 

Prom  the  large  amount  of  data  and  information  derived 
from  this  investigation,  a  small  portion,  dealing  with  the  alloys 
of  copper  and  nickel  with  iron,  is  presented  in  this  bulletin. 
This  selection  of  material  has  been  made  on  account  of  the  in- 
teresting and  possibly  important  influence  of  small  percentages 
of  copper  and  of  nickel  on  the  properties  of  iron. 

It  is  appreciated  by  no  one  more  than  by  the  authors  that  lab- 
oratory experiments  carried  out  on  the  small  scale  which  has 
been  necessary  here,  can  by  no  means  embody  all  the  factors  at- 
tendant upon  large  scale  production,  and  the  conclusions  arrived 
at  can  be  only  suggestive  when  applied  to  commercial  produc- 
tion of  alloys. 
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The  study  of  iron  alloys  of  the  degree  of  purity  which  we 
have  attained  is  not  alone  of  scientific  interest,  since  recent  im- 
provements in  commercial  materials  make  it  possible  to  secure 
remarkably  pure  iron  at  reasonable  cost. 

The  fact  which  impresses  itself  most  emphatically  upon*  one 
who  imdertakes  to  study  the  properties  of  iron  alloys,  is  that 
he  has  an  unlimited  field  to  deal  with  and  one  which  has  not 
been  cultivated  intensively  or  even  superficially. 

Not  only  are  there  new  alloys  to  be  produced,  but  much  of 
the  older  work  on  iron  and  steel,  now  considered  as  on  a  fairly 
settled  basis,  can  be  repeated  with  profit  in  the  light  of  a  mod- 
em knowledge  as  to  the  influence  on  the  properties  of  material, 
of  variations  in  heat  treatment,  and  other  factors. 

In  presenting  this  bulletin,  the  writer  acknowledges  indebt- 
edness to  numerous  of  his  colleagues  who  have  assisted  in  this 
work,  and  especially,  to  Mr.  Carl  Hambuechen,  who  worked  out 
the  details  for  refining  iron  electrolytically,  to  Dr.  Oliver  P. 
Watts  and  Mr.  Otto  Kowalke,  who  conducted  the  laboratory 
work  of  this  investigation  for  two  years,  and  to  Mr.  James  As- 
ton who  as  joint  author  has  done  much  more  than  his  share  in 
writing  this  report  on  the  alloys  of  nickel  and  copper  with  iron. 

Charles  F.  Burgess, 
Professor  of  Chemical  Engineering, 
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THE  stren(;th  of  thh  alloys  of  xickf.l  and 

COPPER  WITH  ELECTROLYTIC  IRON 


Electrolytic  Iron 

The  basis  of  the  alloys  dealt  with  here  is  iron  of  a  high  de- 
gree of  purity,  obtained  by  double  electrodeposition.  In  the 
first  refining,  high  grade  Swedish  bar  iron  is  used  as  anode 
material,  and  the  metal  is  deposited  upon  both  sides  of  a  sheet 
lead  cathode.  These  cathodes  are  then  used  as  anodes  in  a  sec- 
ond set  of  tanks,  and  a  double  refined  product  is  obtained  upon 
a  sheet  aluminum  cathode.  This  electrolytic  iron  is  stripped 
off  in  sheets  y^  inch  to  %  inch  in  thickness  about  10  inches 
equare,  and  is  broken  up  for  use  in  the  crucibles. 

The  character  of  deposited  material  is  indicated  in  the  fol- 
lowing table.  The  analyses  given  in  the  first  three  columns  are 
those  of  Messrs.  Booth,  Garrett  and  Blair,  of  Philadelphia.  Also, 
all  of  the  analytical  work  on  the  alloys  proper,  including  those 
appearing  later  in  this  discussion,  are  the  work  of  the  above 
laboratory,  and  acknowledgment  is  due  for  their  liberality  and 
interest  in  the  work.  The  most  recent  analysis  of  the  double 
refined  iron  is  given  in  the  last  column,  and  was  reported  by 
Mr.  Alvan  C.  Davis,  of  Edgeworth,  Pa. 


Swedish 
Anode. 

Slnsrle 
Refined. 

0.013 
0.007 
0.003 
0.020 
None. 

Double 
Refined. 

Double 
Refined. 

carbon                          

O.MO 
0.007 
0.10P 
0.007 
0.(121 

0.012 
None. 
0.013 
0.004 
None. 

0  000 

Salpho '. 

0  003 

nikxin    

0  002  or  leivi 

fboipbonis  !!!!*.*.!!! 

0.003 
0  020 

Iran  (dlir^rc^nf^p)          . .  ..••••.. 

n.404 
95.506 

0.043 
99.957 

0.029 
99.971 

0.028 
99  97** 
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The  aJialyses  of  the  final  product  differ  somewhat  in  the  per- 
centages of  the  various  impurities  found.  Whether  this  is  due 
to  the  difference  of  the  material  at  the  different  times  of  samp- 
ling, or  to  the  limiting  error  of  the  analytical  method  in  detect- 
ing the  small  percentages  actually  found,  is  problematical.  How- 
ever, the  initial  product  used  in  the  preparation  of  the  alloys 
may  be  considered  of  negligible  impurity,  with  an  iron  content 
of  99.97  per  cent. 

Preparation  op  Alloys 

In  the  preparation  of  the  alloys,  the  brittle  electrolytic  iron 
was  broken  into  small  pieces,  and  the  pre-determined  amounts 
needed  for  each  charge,  together  with  the  addition  elements, 
were  weighed  out.  The  charges  were  placed  in  specially  pre- 
pared magnesia  crucibles,  which  were  in  turn  protected  by  a 
graphite  jacket.  The  crucibles  were  buried  in  an  electric  fur- 
nace of  the  resistor  type ;  the  charge  being  prevented  from  con- 
tamination by  a  magnesia  lid  luted  on  the  crucible,  and  a  graph- 
ite cover  for  the  jacket. 

The  charges  were  brought  to  fusion,  and  held  at  this  tem- 
perature for  a  few  hours  after  which  the  current  was  cut  off 
from  the  furnace  and  the  latter  was  allowed  to  cool  down.  There 
was  no  agitation  of  the  charge,  the  resulting  alloy  being  en- 
tirely due  to  diffusion  of  the  elements.  The  ingots  w^eighed 
about  500  grams  (1  lb.) 

In  spite  of  every  precaution,  there  was  some  absorption  of 
carbon  by  the  charge.  There  is  every  indication  that  this  was 
due  to  the  interaction  between  the  iron  and  the  carbon  monox- 
ide furnace  atmosphere,  w^hereby  carbon  was  set  free  by  the  re- 
action Fe  +  CO  =  FeO  +  C,  and  then  taken  up  by  the  iron 
by  cementation.  The  amount  absorbed  varied  somewhat  with 
the  conditions  of  the  melt,  and  probablj'  also  with  the  nature  of 
the  alloying  element.  Numerous  analyses,  however,  showed  the 
amount  to  be  well  under  0.10  per  cent;  sulphur,  silicon,  phos- 
phorus and  manganese  are  negligible.  A  charge  of  electrolytic 
iron  melted  into  an  ingot  and  forged  under  the  same  conditions 
employed  in  the  preparation  of  the  alloys  showed  by  analysis 
carbon  0.047,  sulphur  0.005,  silicon  0.062,  phosphorus  0.016, 
manganese  0.0. 
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In  the  tests,  therefore,  the  properties  observed  may  be  ascribed 
to  the  addition  elements. 

The  ingots  were  heated  in  a  forge  fire  and  drawn  out  under  a 
steam  hammer  into  rods  about  ^  inch  in  diameter  and  20  inches 
long.  These  rods  were  cut  into  appropriate  lengths  and  ma- 
chined for  the  tensile  strength  tests  into  bars  approximating  0.3 
to  0.4  inch  in  diameter  over  a  free  length  of  2  inches.  Qualita- 
tive observations  were  made  of  forgeability  and  of  hardness  in 
machining. 

An  equal  niunber  of  samples  were  reserved  for  testing  as 
forged  and  after  annealing  at  900° C.  The  tests  were  made 
upon  a  Riehle  1,000,000  pound  power-driven  machine.  The  load 
was  applied  very  slowly,  and  the  elastic  limit,  or  rather,  the 
yield  point,  was  determined  by  means  of  dividers,  being  taken 
as  that  load  at  which  a  perceptible  stretch  occurred  in  a  marked 
2-inch  length  of  the  bar.  This  was  checked  by  the  drop  of  the 
beam.  In  the  later  tests,  multiple  dividers  were  used,  enabling 
tte  yield  point  to  be  observed  very  closely,  as  well  as  the  elon- 
gation at  this  point.  The  data  recorded  included  the  load  at 
the  yield  point,  and  the  maximum  necessary  to  rupture  the  bar; 
also  the  elongation  in  two  inches  and  the  reduction  of  area  at 
the  fracture. 

This  particular  discussion  may  be  divided  into  three  general 
parts — (1)  the  nickel-iron  series;  (2)  the  copper-iron  series;  (3) 
a  series  with  iron  alloyed  with  both  nickel  and  copper. 

NICKEL-IRON  ALLOYS 

Much  has  been  written  regarding  certain  nickel  steels  for  com- 
jLiercial  usage  and  there  has  been  considerable  investigation  of 
these  particular  alloys.  Also,  there  is  much  literature  on  the 
metallography  and  the  theory  of  nickel  steels,  with  which  phase 
this  paper  is  not  particularly  concerned.  There  is  comparatively 
little  published  data  of  research,  especially  systematic  research 
on  the  eflfect  of  the  addition  of  varying  percentages  of  nickel  to 
steels  of  otherwise  comparable  compositions. 

Of  the  latter,  to  which  the  present  paper  is  largely  suppLv 
mentary  or  correlative,  may  be  mentioned  the  following: 

Between  1892  and  1902,  the  Prussian  Society  for  the  Encour- 
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agement  of  Industry  published  several  reports  dealing  with  the 
mechanical  properties  of  the  nickel-iron  alloys  (Berichte  do& 
Sonderausschiisses  fiir  Eisen-Nickel  Legierungen.    1892-1902). 

R.  A.  Hadfield  (Inst.  Civ.  Engrs.,  1898,  Volume  CXXXVIII^ 
page  1)  gives  data  of  a  very  complete  study  of  a  series  of  nickel- 
iron  alloys,  covering  the  mechanical  and  physical  properties.  The^ 
nickel  varies  from  0  to  50  per  cent,  with  other  impurities  as  fol- 
lows: C,  0.13  to  0.23  per  cent;  Si,  0.20  to  0.38;  S,  0.08  to  0.11^ 
P,  0.05  to  0.09 ;  Mn,  0.65  to  1.08. 

L.  Guillet  (Bui.  Soc.  d'Encour  pour  Tlndustrie  Nationale, 
May,  1903)  publishes  the  results  on  three  series  of  steels  with 
nickel  from  2  to  30  per  cent,  manganese  low  and  carbon  about 
0.12,  0.22  and  0.82  per  cent  in  the  several  series.  The  work  in- 
cludes the  mechanical  tests  and  the  metallographic  study  with, 
a  view  of  finding  the  relation  between  the  physical  properties- 
and  the  structure. 

Carpenter,  Hadfield  and  Longmuir  (7th  Report,  Alloys  Re- 
search Committee,  Inst.  Mech.  Engrs.,  Vol.  2,  1905,  page  857) 
give  the  data  of  a  thorough  investigation  of  a  series  of  alloys^ 
with  nickel  from  0  per  cent  to  20  per  cent,  carbon  0.41  to  0.52 ; 
manganese,  0.79  to  1.03.  This  research  was  intended  as  a  sup- 
plement to  Hadfield 's  work  mentioned  above,  the  steels  being- 
practically  of  the  same  composition,  except  that  there  was  an 
increase  of  the  carbon  content  from  a  mild  steel  proportion  of 
about  0.20  per  cent  to  that  of  a'  medium  steel  with  0.45  per  cent^ 

In  the  present  research  the  eflFort  has  been  to  determine  the 
effect  of  additions  of  varying  percentages  of  nickel  to  iron  in 
the  absence  of  other  impurities,  especially  carbon.  As  men- 
tioned heretofore,  the  iron  is  of  such  purity  that  the  results 
observed  may  be  ascribed  to  the  nickel  addition  alone.  The- 
added  nickel  was  electrolytic  material  of  high  grade. 

Analysis 

Ingots  were  prepared  of  all  compositions  from  0  to  100  per 
cent  of  nickel,  but  the  mechanical  tests  here  enumerated  are  con- 
fined largely  to  the  range  of  0  per  cent  to  20  per  cent  of  nickel. 
The  analyses  given  below  are  of  a  series  of  random  selectioi^ 
which  is  representative  of  the  entire  range. 
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Analyses. 


Per  cent  NI. 

Mark. 

Added. 

Anab'siM. 

Per  cent  C. 

144C 

144D 

^      0.25 

0.50 

1.0 

2.0 

7.0 

8.0 

10.0 

11.0 

12.0 

13.0 

10.0 

22.0 

25.0 

2U.0 

28.0 

35.0 

50.0 

75.0 

0.27 

0.5tf 

1.07 

1.93 

7.05 

8.17 

10.20 

11.29 

12.07 

13.11 

19.21 

22.11 

^.20 

2d.40 

28.42 

.5.09 

47. OB 

75.06 

144E 

144F 

144J 

157A 

157D 

1S7E...    .                 

157H 

144M 

0.088 

144P 

laBG 

1548..                           

lasi *'.'.'.' 

166C..                              

W8L...  .v.*. *. . * 

1680 

166Q    .                     

As  might  be  expected  from  the  close  analogy  of  the  properties 
of  nickel  and  iron,  the  agreement  of  the  analytical  results  with 
the  percentage  of  nickel  added  to  the  chaise,  is  exceedingly  close 
and  when  it  is  considered  that  the  samples  for  analysis  were  from 
turnings  of  test  bars  after  the  ingots  had  been  forged  into  rods, 
it  may  be  taken  as  evidence  of  the  perfect  alloying  of  iron  and 
nickel  and  the  entire  absence  of  segregation  in  the  ingot. 

Forging 


Ingots  were  generally  sound  and  the  lower  percentages  forged 
about  the  same  as  iron  and  at  normal  temperatures.  In  fact^ 
there  was  no  trouble  in  forging  any  of  the  alloys  within  the 
range  of  0  to  20  per  cent  of  nickel.  Alloys  of  25,  26,  28,  35, 
50  and  75  per  cent  of  nickel  forged  without  special  difficulty, 
although  in  an  earlier  trial  one  ingot  with  75  per  cent  smashed. 
A  100  per  cent  nickel  was  not  forgeable.  In  later  tests  an  in- 
got of  30  per  cent  nickel  smashed  and*  one  of  34  per  cent  was 
partially  destroyed.  With  extreme  care  and  high  welding  heats, 
and  with  the  liberal  use  of  flux  a  good  bar  was  drawn  out  of  an 
85  per  cent  ingot.  A  high  heat  is  probably  necessary  for  all 
of  the  high  nickel  alloys. 
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The  discrepancies  noted  in  the  forgeability  might  be  due  to 
oxidation  such  as  Hadfield  experienced,  and  which  caused  such 
red  shortness  that  he  was  compelled  to  me  manganese  and  alum- 
inum as  deoxidizers ;  or  there  might  be  a  critical  range  at  about 
34  per  cent  of  nickel  at  a  composition  corresponding  to  a  defi- 
nite compound  of  FcgNi.  It  is  at  about  this  composition  that 
the  greatest  difficulty  is  experienced  in  forging,  and  other  meas- 
urements of  various  characters  tend  to  support  this  supposition 
of  a  compound. 

Welding 

There  was  no  difficulty  in  welding  low  nickel  bars  during  forg- 
ing. The  high  nickel  alloys,  including  one  of  85  per  cent  nickel, 
which  tended  to  crumble  at  lower  heats,  welded  nicely  at  very 
high  temperatures  of  working  and  with  the  liberal  use  of  borax 
to  prevent  oxidation.  Bars  of  all  percentages  of  nickel  were 
welded  in  the  electric  welder,  although  some  failures  were  noted 
between  18  per  cent  and  35  per  cent  of  nickel.  These  welds 
were  not  subjected  to  tests  other  than  those  indicated  by  grind- 
ing the  juncture  and  testing  with  the  hands. 

Hardness 

The  hardness  tests  are  such  qualitative  results  as  were  noted 
in  the  machining,  sawing  and  filing  necessary  in  preparing  the 
test  bars.  In  the  unannealed  condition,  working  was  easy  for 
alloys  up  to  and  including  7  per  cent  of  nickel ;  the  alloys  were 
rather  stiff  from  8  per  cent  to  10  per  cent,  inclusive,  and  hard  be- 
tween 11  per  cent  and  20  per  cent,  with  the  20  per  cent  alloy  less 
hard  than  some  of  those  of  intermediate  compositions.  All  al- 
leys were  machined  in  the  unannealed  state  with  lathe  tools,  al- 
though this  was  very  diflScult  in  the  range  between  10  and  20 
per  cent  of  nickel.     The  higher  nickel  bars  were  again  soft. 

After  annealing  there  was  a  somewhat  noticeable  hardness, 
beginning  at  about  11  to  13  per  cent,  but  it  was  not  extreme 
in  any  case,  and  there  was  no  difficulty  in  sawing  or  machining. 
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Bending 

These  tests  were  again  only  qualitative,  being  the  observa- 
tions in  breaking  bars  sawed  half  through  and  in  the  unannealed 
•condition.  Alloys  from  0  to  2  per  cent  nickel  cracked  at  a  60° 
angle ;  from  3  per  cent  to  8  per  cent,  inclusive,  at  45° ;  9  to  10 
per  cent,  at  30°,  and  from  11  per  cent  to  20  per  cent,  inclu- 
sive, the  bars  broke  off  short.  The  fracture  changed  from  a 
^brous  to  a  granular  at  about  10  per  cent  of  nickel. 

The  above  hardness  and  bendiug  tests  are  in  agreement  with 
the  tensile  tests  noted  below. 

TENSttiE  Strength  Tests 

The  summary  of  results  is  included  in  Tables  1  and  2  and  in 
Plates  I  and  II.  The  detailed  data  are  not  given;  also  no  rec- 
ords are  noted  of  abnormal  results  due  to  defective  bars,  etc. 

In  the  siunmary  are  given  the  yield  point  and  ultimate 
strength  in  pounds  per  square  inch,  the  percentage  of  elonga- 
tion in  2  inches,  and  the  percentage  of  reduction  of  area  at 
fracture.  There  are  also  included  the  maximum,  minimum  and 
-average  values  of  each  of  the  above  items,  together  with  the 
number  of  samples  from  which  such  average  is  calculated.  This 
furnishes  an  indication  of  the  consistency  of  the  data.  In  the 
plates,  the  yield  point,  the  ultimate  strength  and  the  elonga- 
tion and  the  reduction  of  area  for  varying  percentages  of  nickel 
are  designated  by  appropriate  symbols,  and  are  the  values  given 
in  the  tables  in  the  columns  of  averages. 

With  these  points  as  a  guide,  smooth  curves  are  drawn  in  each 
case.  With  the  many  factors  affecting  somewhat  the  strength 
■of  a  metal,  it  is  not  expected  that  the  points  will  fall  consistently 
on  a  curve.  It  is  intended  merely  that  the  curve  will  show  the 
tendency  of  the  effect  of  increasing  the  percentage  of  nickel  in 
the  alloy. 

Unannealed 

The  results  of  the  tests  in  the  unannealed  state  are  enumerated 
ID  Table  1  and  the  general  sunmiary  is  best  noted  by  referring 
to  the  curves  on  Plate  1.    Between  0  and  8  per  cent  of  nick«^l 
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there  is  a  gradual  increase  of  the  ultimate  strengtii  and  elastic- 
limit  which  are  approximately  linear  functions  of  the  percent-^ 
age  increase  of  nickel.    At  a  nickel  content  of  0.25  per  cent 
the  figures  are  66,730  for  the  ultimate  strength  and  57,180  for- 
the  yield  point,  these  values  rising  to  91,740  lbs.  and  70,770  lbs.,, 
respectively,  for  an  increase  of  nickel  to  8  per  cent.     The  elon- 
gation and  reduction  of  area  indicate  a  decrease  of  ductility  be- 
tween 0  and  2  per  cent.     From  this  point  they  rise  to  a  maxi- 
mum at  5  per  cent  of  nickel,  above  which  percentage  there  is  a 
gradual  falling  oflf  until  the  composition  of  8  per  cent  of  nickel 
is.  reached.    At  5  per  cent  nickel  we  note  values  of  64,030  for 
the  elastic  limit  and  77,150  for  the  ultimate  strength,  with  the 
high  values  of  29.2  for  the  elongation  and  65.2  per  cent  for  the- 
reduction  of  area.     The  elastic  ratio,  however,  is  high,  beings 
0.83. 

Beyond  8  per  cent  of  nickel  there  is  a  decided  upward  bend' 
in  the  curves  for  the  ultimate  strength  and  elastic  limit  and  a 
corresponding  drop  in  those  for  the  reduction  of  area  and  the 
elongation,  indicating,  therefore,  a  brittle  zone.     This  is  most 
pronounced  at  11  per  cent  of  nickel,  where  the  yield  point  is 
148,240  and  the  ultimate  strength  181,230,  while  the  elongation 
falls  oflf  to  7  per  cent  and  the  reduction  of  area  to  25.5  per  cent. 
On  increasing  the  nickel  above  12  per  cent  there  is  a  return  of 
ductility  indicated  by  the  gradual  rise  of  the  elongation  and  the 
marked  increase  of  the  reduction  of  area.     At  20  per  cent  nickel 
we  have  the  very  high  values  of  elastic  limit  115,500,  ultimate 
strength  186,000,  with  the  accompanying  elongation  of  16  per 
cent  and  reduction  of  area  of  59.5  per  cent.     The  brittle  zone- 
may  be  said  to  extend  from  10  per  cent  to  15  per  cent  of  nickel. 
The  data  for  percentages  of  nickel  above  20,  which  are  not 
plotted,  show  a  still  further  increase  of  ductility ;  at  50  per  cent 
of  nickel  we  have  values  of  elastic  limit  of  75,700,  ultimate 
strength  108,500,  elongation  26.5  per  cent,  reduction  of  area . 
63.77  per  cent. 

These  facts  are  in  accord  with  the  bending  and  hardness  tests 
noted  heretofore  where  the  maximum  brittleness  lay  between 
10  per  cent  and  20  per  cent  in  bending  and  the  greatest  diflS- 
culty  in  machining  was  in  the  same  range. 
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Annealed 

Results  of  the  tests  on  the  annealed  bars  are  given  in  Table  2 
^«Lnd  Plate  II.     The  effect  of  annealing  has  been  to  lower  the 
ultimate  strength  and  the  elastic  limit  throughout  the  entire 
range  with  the  accompanying  increase  of  elongation  and  reduc- 
tion of  area ;  this,  however,  without  materially  altering  the  gen- 
•eral  influence  of  the  nickel.    We  note  the  same  gradual  increase 
of  maximum  stress  and  yield  point  over  a  range  which  is  now 
extended  to  10  per  cent  of  nickel  instead  of  8  per  cent.     At  this 
point  the  same  sharp  increase  takes  place  and  the  elongation 
and  reduction  of  area  fall  oflf  in  accordance.     The  point  of  mini- 
mum ductility  is  now  at  13    per   cent,   ;where   the    elongation 
has  fallen  oflf  to  11.6  per  cent  and  the  reduction  of  area  to  34.6 
per  cent.     The  pronounced  maximum  of  strength  is  now  not 
present,  the  elastic  limit  of  97,730  and  the  ultimate  strength  of 
121,810  being  below  the  maximum  values  of  the  tests.    At  11 
per  cent  of  nickel,  the  composition  of  the  former  alloy  of  least 
ductility,  the  deviations  of  maximum  and  minimum  values  are 
large,  lying  between  extremes  of  23  per  cent  and  0  per  cent  for 
the  elongation  and  between  65.2  per  cent  and  0  per  cent  for  the 
reduction  of  area. 

The  brittle  zone  is  quite  as  pronounced  as  it  was  in  the  unau- 
nealed  condition,  but  is  now  more  limited  in  extent  and  may 
be  said  to  cover  the  range  from  12  per  cent  to  15  per  cent 
of  nickel.  Above  15  per  cent  there  is  the  same  gradual  in- 
<;rease  of  elongation  and  marked  rise  in  the  reduction  of  area, 
hut  we  do  not  note  the  marked  ductility  at  the  20  per  cent  nickel 
alloy  which  was  observed  for  the  unannealed  bar. 

Comparisons 

The  safe  values  to  be  assumed  for  nickel  steels  of  the  compo- 
sitions used  in  commercial  practice  may  be  taken  from  Wad- 
dell  *s  elaborate  paper  before  the  American  Society  of  Civil  En- 
gineers in  September,  1908.  For  bridge  structures  he  recom- 
mends a  composition  of  3^^  per  cent  of  nickel  and  0.38  per  cent 
of  carbon,  \%nth  values  of  elastic  limit  of  60,000  lbs.  per  square 
inch,   and   ultimate  strength  of  105,000  lbs.  per  square  inch. 
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These  figures  are  for  sections  as  rolled,  and  with  a  ductility^ 
somewhat  lower  than  for  ordinary  steels,  as  is  evidenced  by  the- 
elongation  of  15  per  cent  for  nickel  against  27  per  cent  for  car- 
bon steel  (in  8  inches)  and  a  reduction  of  area  of  41  per  cent 
and  55  per  cent,  respectively.  For  a  lower  carbon  content  with, 
the  same  nickel  the  values  become — elastic  limit  45,000,  ulti- 
mate strength  70,000,  elongation  25  per  cent;  and  for  the  in- 
crease of  carbon  to  0.45  per  cent  the  elastic  limit  is  taken  aa 
65,000,  maximum  stress  115,000  and  the  elongation  12  per  cent. 

Values  noted  from  our  research  for  an  alloy  of  3  per  cent  of 
nickel  are — ^yield  point  62,920,  ultimate  strength  74,860,  elon- 
gation (in  2")  24.5  per  cent,  reduction  of  area  63.9  per  cenc;. 
and  for  nickel  =  4  pei:  cent,  the  elastic  limit  is  65,000,  maximum 
stress  75,670,  elongation  27.8  per  cent  and  the  reduction  of 
area  66.5  per  cent.  These  values  become,  after  annealing — 
yield  point  55,400,  ultimate  strength  70,670,  elongation  27.5 
per  cent,  reduction  of  area  67.6  per  cent  for  the  alloy  of  3  per 
cent  nickel ;  and  for  the  nickel  content  of  4  per  cent  the  elastic 
limit  is  52,100,  maximum  stress  70,070,  elongation  28.4  and  re- 
duction of  area  66.7.  The  ultimate  strengths  are  well  in  ac- 
cord with  Waddell's  assumptions  for  low  carbon  steels,  with 
the  elastic  limit  approaching  that  of  his  higher  carbon  materials. 

Of  the  other  tests  recorded  it  is  possible  to  make  direct  com* 
parisons  with  Hadfield's  results  (Inst.  Civ.  Engrs.  1888-9). 
His  alloys  had  a  carbon  content  from  0.13  per  cent  to  0.23  per 
cent  and  manganese  in  the  appreciable  amounts  of  0.65  per  cent 
to  1.08  per  cent.  For  the  alloy  of  3.82  per  cent  of  nickel  the  re- 
sults were  as  follows :  as  unannealed,  elastic  limit  62,700 ;  maxi- 
mum stress  82,900 ;  elongation  35.8 ;  reduction  of  area  55.6.  These- 
figures  are  in  verj'  close  agreement  with  the  4  per  cent  alloy 
of  our  tests. 

In  Quillet's  tests,  for  his  low  carbon  series  (C  =  0.12)  and 
for  bars  in  the  unannealed  state,  the  maximum  stresses  and 
elastic  limits  are  lower  throughout  than  ours  for  like  percentages 
of  nickel.  For  his  5  per  cent  alloy  the  elastic  limit  is  43,200, 
maximum  stress  52,800,  elongation  25  per  cent ;  our  values  ar2,' 
respectively,  64,030,  77,150  and  29.2  per  cent.  However,  the 
same  general  influences  of  the  addition  of  nickel  are  observed. 

A  most  interesting  comparison  is  that  of  the  eflFect  of  increas- 
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ing  percentages  of  nickel.  The  references  are  to  articles  men- 
tioned at  the  beginning  of  this  section  of  the  paper. 

In  Hadfield's  tests  there  was  a  gradual  increase  of  strength 
and  a  decrease  of  ductility  with  the  smaller  additions  of  nickel. 
The  mft-gimiiTn  breaking  stresses  were  at  11  to  16  per  cent  of 
nickel  in  the  unannealed  state  with  a  minimum  ductility  at  15.5 
per  cent  of  nickel.  After  annealing  the  maximum  strength  is 
at  11.4  per  cent  of  nickel  with  the  lowest  ductility  at  a  com- 
position of  9.5  per  cent.  There  is  a  fair  return  of  ductility 
at  about  24  per  cent  of  nickel  after  passing  through  the  brittle 
zone. 

Quillet's  tests  were  on  three  series  of  alloys,  each  of  a  dif- 
ferent percentage  of  carbon,  and  all  with  low  manganese.  He 
found  'in  each  series  a  brittle  zone.  For  the  alloys,  of  lowest 
carbon  =  0.12  per  cent,  the  lowest  minimum  ductility  was  at 
15  per  cent  of  nickel ;  for  carbon  =  0.22  it  was  at  10  per  cent 
nickel;  alid  for  carbon  =  0.82  per  cent  it  was  at  a  nickel  con- 
tent of  7  per  cent. 

In  the  Report  of  the  Alloys  Research  Committee,  where  the 
carbon  was  that  of  a  medium  steel,  being  from  0.41  to  0.52,  and 
the  manganese  was  high  (0.79  to  1.03),  there  was  a  distinctly 
brittle  zone  at  4.95  per  cent  of  nickel  and  extending  to  16  per 
cent.    From  this  point  there  was  a  recovery  of  the  ductility. 

The  results  of  the  present  research  which  are  most  nearly 
representative  of  the  effect  of  nickel  alone,  indicate  the  same 
brittle  zone  with  the  least  ductility  at  11  per  cent  of  nickel 
in  the  unannealed  state  and  at  13  per  cent  after  annealing. 

This  agrees  fairly  well  with  the  observations  of  Hadfield  and 
Gnillet,  to  whose  materials  our  compositions  are  most  nearly 
similar.  The  location  of  this  brittle  area  can  hardly  be  defi- 
nitely fixed,  since  differences  in  impurities  and  heat  treatment 
no  doubt  affect  the  composition  and  the  range. 

Conclusions 

As  a  result  of  this  research,  taken  in  conjunction  with  the 
other  tests  enumerated,  and  of  which  it  is  largely  confirmatory, 
it  may  be  said  that  the  effect  of  the  addition  of  nickel  to  iron  is 
as  follows: 
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1.  To  increase  the  strength  with  a  slight  decrease  of  ductil- 
ity in  the  range  of  lower  nickel  content. 

2.  Beyond  this  range  the  addition  of  nickel  causes  a  suddeu 
increase  of  strength  with  a  marked  decrease  of  ductility  over  a 
zone  of  decided  brittleness. 

3.  The  position  of  the  brittle  zone  varies  with  the  carbon 
■content  and  probably  with  a  variation  in  the  other  impurities, 
such  as  manganese,  if  present  in  appreciable  amoimts.  For  a 
pure  alloy,  where  the  effect  is  due  to  nickel  alone,  the  area  may 
be  set  between  10  per  cent  and  16  per  cent  of  nickel.  The  addi- 
tion of  carbon  places  the  zone  at  lower  percentages  of  nickel,  be- 
ginning in  the  neighborhood  of  about  10  per  cent  for  carbon  = 
0.22  per  cent  and  at  about  7  per  cent  nickel  for  carbon  =  0.82 
per  cent,  where  the  other  impurities  are  small.  It  may  com- 
mence as  low  as  5  per  cent  nickel  in  medium  carbon  steels  (C  == 
a. 44)  where  the  manganese  rises  to  1  per  cent.  Accompanying 
this  brittleness  there  is  a  marked  hardening  in  the  material. 

4.  Annealing  while  not  greatly  affecting  the  region  of  the 
brittle  zone  or  the  extent  of  the  brittleness,  has  a  tendency  *o 
<;onfine  the  range  to  more  narrow  limits. 

5.  For  percentages  of  nickel  above  those  of  the  zone  of  brit- 
tleness there  is  a  restoration  of *the  ductility  and  softness. 

IRON-COPPER  ALLOYS 

The  influence  of  copper  on  iron  and  steel  has  for  long  been  a 
subject  of  controversy  and  contradiction.  It  is  only  compara- 
tively recently  that  the  effect  has  been  investigated  systemati- 
cally and  some  of  the  doubt  eliminated. 

The  prevalence  of  appreciable  quantities  of  copper  in  the  ores 
of  certain  districts  makes  of  value  a  knowledge  of  its  effect,  det- 
rimental or  otherwise,  when  present  in  small  amounts.  Also, 
the  intimate  relation  of  copper,  nickel  and  iron,  and  the  bene- 
ficial effect  of  the  addition  of  nickel  to  iron  and  steel,  creates  an 
interest  in  the  influence  of  larger  percentages. 

The  older  opinion  was  that  copper  is  deleterious;  that  its 
<»hief  effect  was  analogous  to  that  of  sulphur  in  that  it  rendered 
iron  red  short  and  destroyed  its  welding  power.  This  view  was 
taken  by  many  eminent  metallurgists,  some  even  contending 
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that  0.5  per  cent  makes  steel  worthless.  Others  claimed  that  the 
influence  was  greatly  exaggerated  and  instances  were  cited  where 
rolled  sections  of  0.50  per  cent  to  0.75  per  cent  of  copper  did 
not  display  red  shortness. 

Within  recent  years  more  systematic  investigations  have  been 
made  to  determine  the  effect  of  additions  of  varying  percentages 
of  copper  to  iron  and  steel. 

Ball  and  Wigham  (Ir.  &  St.  Inst.,  1889,  No.  1)  tested  four 
steels  with  from  0.85  per  cent  to  7.17  per  cent  copper  and  a  car- 
bon content  varying  from  0.10  per  cent  in  the  former  to  0.71  per 
cent  in  the  latter,  and  noted  an  increase  of  tensile  strength  and 
a  decrease  of  ductility  with  the*  increase  of  copper.  The  bar 
with  7.17  per  cent  copper  was  red  short.  Their  conclusions  were 
that  the  principal  effect  of  copper  was  to  make  steel  hard  and 
that  copper  within  reasonable  limits  did  not  materially  aflfect 
the  mechanical  properties. 

A.  L.  Colby  (Iron  Age,  Nov.  30,  '99)  says  that  small  per- 
centages of  copper  have  no  deleterious  effect  upon  the  physi- 
cal properties  of  steel.  He  cites  various  steels  of  about  0.5 
per  cent  copper  in  shafts  and  gun  tubes,  which  meet  the  re- 
quirements of  the  United  States  Navy.  It  was  also  used  in  ship 
plates,  passing  the  usual  tests  required  of  carbon  steels.  These 
steels  welded  successfully  and  flanged  cold,  and  there  was  no  red 
shortness  in  bars  or  rails  Mrith  a  copper  content  of  0.39  per  cent 
to  0.49  per  cent. 

W.  Lipin  (Stahl  u.  Eisen,  Vol.  XX)  states  that  iron  with 
copper  content  up  to  3  per  cent  is  readily  worked  but  that  there 
is  red  shortness  at  4.7  per  cent  copper.  Between  7  per  cent 
to  10  per  cent  copper  the  material  cracked  badly,  and  fell  to 
pieces  under  the  hammer.  With  an  increase  of  copper  up  to 
3  per  cent  the  tensile  strength  increased  from  26  tons  per  square 
inch  to  46  tons  per  square  inch,  with  a  decrease  of  elongation 
from  27.8  per  cent  to  13.3  per  cent.  He  also  notes  that  with  an 
increase  of  carbon  in  the  steel  the  maximum  percentages  of  cop- 
per must  be  decreased ;  also  that  copper  does  not  aflfect  the  weld- 
ing. 

Stead  (Ir.  &  St.  Inst.,  '01,  Vol.  I.)  made  a  very  thorough  in- 
vestigation of  the  influence  of  copper  in  steel  rails  and  plates, 
since,  he  claimed,  the  general  belief  that  copper  was  deleterious, 
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was  an  unjustified  prejudice.  His  article  goes  fully  into  the- 
previous  work  and  impressions.  He  finds  that  copper  between 
0.5  per  cent  and  1.5  per  cent  is  not  detrimental  either  hot  or 
cold  J  that  2  per  cent  copper  makes  steel  more  liable  to  be  over- 
heated; that  small  quantities  raise  the  tenacity  and  the  elastic 
limit  and  reduce  the  elongation,  but  not  greatly,  however,  for 
small  percentages  of  copper ;  also  that  there  is  no  great  liability^ 
to  fracture  by  shock. 

Papers  of  Stead  and  Wigham  TIr.  &  St.  Inst.,  '09,  Vol.  II) 
and  of  Wigham  (Ir.  &  St.  Inst.,  '06,  Vol.  I)  deal  with  the  effect 
of  copper  in  cold  wire  drawing  and  come  to  the  conclusion  that 
copper  up  to  0.25  per  cent  is^no  detriment  in  the  manufacture- 
of  the  best  classes  of  wire. 

Wigham,  in  the  last  article  mentioned  above,  brings  out  the 
important  point  that  Professor  Turner,  in  the  discussion  of  the 
former  article  of  Stead  and  Wigham,  says  that  where  copper 
is  present  in  ores  it  is  found  in  association  with  sulphur.  Con- 
sequently discrepancies  in  the  earlier  tests  may  be  due  to  this- 
sulphur  and  not  to  the  direct  effect  of  the  copper.  This  fact, 
together  with  that  of  the  increase  of  red  shortness  with  an  in^ 
crease  of  carbon,  may  explain  the  differences  of  opinion  result- 
ing from  the  earlier  observations. 

All  of  the  above  research  was  to  excuse  the  presence  of  the 
copper;  to  break  down  a  seeming  prejudice.  An  investigation 
with  a  different  object  is  that  of  Pierre  Breuil,  the  results  ot 
which  were  given  in  a  paper  before  the  Iron  and  Steel  Insti- 
tute (Ir.  &  St.  Inst.  '07,  No.  2).  His  effort  was  to  see  if  there 
was  a  beneficial  effect  due  to  the  addition  of  copper  and  was 
suggested  by  the  favorable  influence  of  copper  on  steels  for  rail- 
way axles,  which  was  noted  on  some  of  the  French  railroads.  It 
is  a  very  extended  research,  and  as  the  author  says,  is  a  sup- 
plement (very  much  elaborated)  to  Stead's  work,  in  that  the 
results  agree.  Being  the  most  exhaustive  and  latest  contribution 
to  our  knowledge  of  copper  steels,  we  shall  have  occasion  to  refer 
to  the  results  frequently  throughout  this  discussion. 

Breuil 's  work  was  carried  out  on  four  series  of  steels, — ^mild 
steel  (C  =  0.10  per  cent  —  0.17  per  cent),  semi-mild  steel  (C  = 
0.28  per  cent  —  0.41  per  cent) ,  and  hard  steel  (C  =  0.56  per  cent 
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—  0.75  per  cent)    and  a  final  series  with  about  1  per  cent  of 
carbon. 

In  view  of  the  evidence  that  the  influence  of  copper  varies- 
with  the  amounts  of  carbon  and  of  sulphur  present  in  the- 
steel,  and  very  likely  also  with  the  other  impurities  met  with  in 
commercial  materials,  it  is  of  interest  to  record  the  results  of 
tests  where  these  elements  are  a  minimum.  The  following  dis- 
cdssion  is  of  a  series  of  iron-copper  alloys  made  with  electrolytic 
iron  and  copper  as  a  basis.  The  preparation  of  the  test  samplea 
is  described  in  the  introductory  chapter  of  this  paper. 

FORGING 

A  wide  range  of  alloys  of  varying  copper  content  was  made. 
The  observations  made  in  the  forging  are  as  follows :  Alloys  up 
to  2  per  cent  of  copper  forge  well  at  low  heats.  Those  from  2 
per  cent  to  7  per  cent  will  not  forge  at  a  low  heat,  and  rather 
poorly  at  white  heat,  the  ease  of  workability  varying  inversely 
as  the  percentage  of  copper.  From  7  per  cent  to  75  per  cent — 
80  per  cent  the  alloys  may  be  classed  as  non-forgeable.  Between 
80  per  cent  and  100  per  cent  they  will  forge  at  a  fair  red  heat 
but  not  at  a  normal  forging  heat  for  iron. 

In  the  earlier  work  alloys  above  5  per  cent  could  not  be 
forged.  However,  in  later  tests,  in  the  trial  of  many  alloys  of 
5  per  cent  to  10  per  cent  of  copper  at  all  heats,  it  was  found 
that  with  care  and  a  high  heat  (welding)  a  7  per  cent  bar  could 
he  forged,  or  even  rarely,  an  8  per  cent. 

The  lower  percentages  (below  5)  will  weld  easily  in  forging,, 
and  some  bars  of  7  per  cent  copper  were  welded  while  forging. 
All  alloys  up  to  7  per  cent  copper  could  be  welded  in  an  electric- 
welder. 

Segregation 

The  forgeable  samples  between  0  per  cent  and  8  per  cent  of' 
copper  and  a  few  of  the  alloys  of  high  copper  and  low  iron  were 
made  into  test  bars  for  investigation  of  the  tensile  strength. 
Analyses  were  not  made  upon  all  bars;  rather,  random  samples; 
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of  the  entire  range  of  composition  were  tested,  with  the  follow- 
ing results: 


Analyses. 


Mark. 

Cu.  added. 

Analysis. 

U7B 

O.l 
0.2 
0.4 
0.6 

O.H 

1.0 
1.5 
2.0 
4.0 
5.0 
6.0 
7.0 
95.0 

0.0« 

158A 

0  202 

158B 

0.4'» 

158C 

0  592 

1580 

0.804 

147H 

1  006 

I47J 

1.510 

158G 

2  005 

1581 



3.990 

158J 

5  070 

158K 

6.160 

147U 

7.050 

86F 

94.340 

As  will  be  seen  from  the  tables,  the  agreement  between  the 
added  and  the  actual  copper  content  is  exceedingly  close.  The 
analytical  samples  were  taken  from  turnings  obtained  in  the 
machining  of  the  test  bars  after  the  forging  of  the  ingots. 
This  close  agreement  after  such  a  method  of  selection  would  in- 
dicate an  entire  lack  of  segregation ;  also  that  the  materials  alloy 
very  well  up  to  a  copper  content  of  7  per  cent.  This  is  in  ac- 
cord ^ith  the  work  of  earlier  investigators.  In  view  of  this  close 
agreement  it  may  be  assumed  that  the  actual  copper  content  of 
the  alloys  is  the  same  as  the  added  amount. 


Hardness 

The  hardness  tests  are  merely  qualitative,  being  observations 
made  in  the  machining,  sawing  and  filing.  In  machining,  the 
alloys  with  low  percentages  of  copper  worked  very  easily.  The 
hardness  increased  with  the  increase  of  copper  until  at  5  per  cent 
to  7  per  cent,  while  it  was  still  possible  to  turn  in  the  lathe,  this 
was  done  with  some  diflBculty.  There  were  the  same  evidences 
in  the  sawing  and  filing  tests,  the  high  copper  being  classed  as 
extremely  hard  to  saw. 

Breuil's  investigations  show  that  the  hardness  does  not  result 
through  a  lowering  of  the  points  of  transition,  thus  leaving 
the  steels  in  a  martensitic  state,  as  might  be  supposed.  The 
structure  is  a  fine  pearlite,  with  a  fibrous  cementite  which  is 

[56] 

Digitized  by  VjOOQ IC 


BrRGESS— STRENGTH   OP   NICKEL-COPPER-IRON   ALLOYS        21 

liberated  with  increasing  copper,  and  this  explains  the  increasing 
hardness. 

Wedding  (Stahl  u.  Eisen,  December,  '06)  says  that  copper 
and  sulphide  of  copper  prevent  the  formation  of  pearlite  and 
promote  the  formation  of  crystals  of  cementite.  It  is  due  to  this 
fact  that  there  is  greater  hardness  of  iron  when  copper  and 
sulphur  are  present.  These  explanations  seem  hardly  sufficient 
to  account  for  the  hardening  which  we  have  observed  without 
the  presence  of  either  carbon  or  sulphur  and  we  expect  to  make 
a  metallographic  study  with  the  hope  of 'throwing  a  little  light 
upon  the  subject. 

The  summary  of  the  results  of  these  tests  is  given  in  Tables 
3  and  4,  and  in  Plates  III  and  IV.  The  detailed  data  are  not 
given ;  also  no  account  is  taken  of  bars  which  showed  abnormal 
results,  due  to  flaws,  etc. 

In  conformity  with  those  of  the  nickel-iron  series,  the  results 
enumerated  are  the  yield  point,  the  ultimate  strength,  the  per- 
centage of  elongation  in  2  inches  and  the  percentage  of  reduc- 
tion of  area  at  fracture.  Again,  in  order  to  show  the  con- 
sistency of  the  data  there  is  also  given  the  maximum  and  mini- 
mum values  for  each  of  the  above  items,  together  with  the  aver- 
age of  these  items  for  the  number  of  samples  enumerated  in  a 
separate  column.  The  plates  are  plotted  from  the  averages  of 
the  tables  and  smooth  curves  drawn  to  indicate  as  nearly  as 
possible  the  tendency  of  the  increasing  additions  of  copper.  The 
values  of  the  yield  point,  ultimate  strength,  elongation  and  re- 
duction of  area  are  designated  as  points  used  in  plotting  the 
curves  by  the  same  symbols  used  for  the  nickel  alloys. 

XJnannealed 

Prom  the  curves  of  Plate  III,  it  will  be  noted  that  the  rise  in 
the  ultimate  strength  and  the  elastic  limit  is  almost  a  linear 
function  of  the  percentage  of  copper.  The  ultimate  strength  in- 
creases from  61,180  lbs.  per  sq.  in.  at  0.1  per  cent  copper  to 
132,400  lbs.  at  7  per  cent.  The  yield  point  rises  from  52,580  to 
122,900.  There  is  a  corresponding  fall  in  the  elongation  from 
28^4  per  cent  at  0.1  per  cent  copper  to  4  per  cent  at  7  per  cent 
copper.     The  reduction  of  area  increases  slightly  from  69.2  per 

[57] 


Digiti 


ized  by  Google 


22  BULLETIN  OF  THE   TNIVERSITY  OF   WISCONSIN 

cent  at  0.1  per  cent  copper  to  72.1  per  cent  at  0.6  per  cent  and 
0.8  per  cent  copper ;  from  this  point  it  falls  off  to  7.3  per  cent  at 
7  per  cent  of  copper. 

From  Table  III  it  will  be  noted  that  the  ratio  of  maximum  and 
minimum  values  to  the  average  is  good,  except  in  certain  in- 
stances which  are  no  doubt  somewhat  abnormal,  but  not  so  much 
so  as  to  be  rejected  from  the  tables.  Also,  where  there  are  a  suf- 
ficient number  of  samples  for  a  good  average,  the  results  fall  well 
in  line.  The  greatest  variation  is  at  3^4  per  cent  of  copper,  but 
here  there  is  only  one  bar,  which  is  clearly  abnormal,  with  its 
low  ultimate  strength  and  elastic  limit  and  its  high  reduction  of 
area.  The  greatest  variations  from  the  curve  lie  above  4  per  cent 
of  copper,  and  this  is  to  be  expected,  especially  in  the  imannealed 
samples,  since  here  we  are  almost  beyond  the  limit  of  satisfactory 
workability. 

The  results  of  these  tests  indicate  a  high  tensile  strength  which 
increases  with  the  percentage  of  copper.  The  alloys  are  rather 
brittle  as  indicated  by  the  elongation,  and  the  reduction  of  area. 
Also  the  elastic  ratio  (ratio  of  the  elastic  limit  to  the  ultimate 
strength)  is  large,  varying  from  0.86  per  cent  at  0.1  per  cent 
copper  to  0.93  at  7  per  cent  copper. 

Annealed 

The  results  of  annealing  are  given  in  Table  4  and  Plate  IV, 
and  the  effect  is  very  marked,  especially  for  the  higher  per- 
centages of  copper.  There  is  greater  consistency  in  the  results, 
as  is  to  be  expected,  and  the  points  fall  fairly  well  in  line  on  the 
curves. 

The  greatest  deviation  from  the  curves  is  at  2^2  per  cent  and 
5Mi  per  cent  of  copper,  where  there  was  only  one  bar  of  each  for 
the  test.  The  maximum  and  minimum  figures  of  the  table  are 
not  widely  different. 

Up  to  1  per  cent  copper  there  is  a  marked  increase  of  the 
elastic  limit  and  the  ultimate  strength  with  the  additions  of 
copper  and  no  falling  off  in  the  elongation  or  reduction.  In 
fact,  the  latter  increases  to  a  maximum  at  0.4  per  cent  of  copper. 
Beyond  one  per  cent  the  curves  bend  sharply  and  become  more 
nearly  horizontal,  being  a  linear  function  of  the  percentage  of 
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copper.     The  elongation  and  reduction  of  area  fall  off  in  ac- 
■cordance. 

Between  1^4  and  7  per  cent  of  copper  the  elastic  limit  in- 
creases from  51,570  to  56,950  lbs.,  the  ultimate  from  65,720  lbs. 
to  67,900,  while  there  is  a  decrease  in  the  elongation  and  the 
reduction  of  area.  Between  0.1  per  cent  and  1.5  per  cent  of 
<iopper  the  elastic  limit  rises  from  35,570  lbs.  to  51,570  lbs;  the 
ultimate  strength  from  54,050  lbs.  to  65,720  lbs ;  while  the  elon- 
gation and  the  reduction  of  area  remain  about  the  same.  Breuil 
mentions  the  4  per  cent  alloy  as  worthy  of  further  study,  and 
this  is  no  doubt  true,  since  he  observes  very  high  values,  as  in- 
dicated by  the  following  table,  where  the  results  are  given  for 
his  mild  steel  series  (C  =  0.10  per  cent  to  0.17  per  cent),  as 
rolled,  and  as  annealed  at  900^  C. 


Tensile  Strength — Breuil. 


Per  cent  Cu. 

Yield    Dolnt 
No.  1  per  In.' 

Ultimate 

.stress  No.  1 

uer  in." 

Elomration 
Per  cent. 

Reduction 
area  i)ercent. 

0                          

0  5                  

55.000 
58.900 
67.300 

97,eoo 

35,800 
38.200 
54,800 
58,700 
65.000 

66,800 
70,200 
88.700 
109,500 

54,900 
50.000 
69,500 
70,300 
71,500 

25.5 
26.5 
16.0 
13.0 

30.3 
28.0 
26.0 
25.0 
22.0 

66 

1.0. 

60 

2.0. 

4  0 

58 
46 

Ahsbaued: 
0                       

63 

0  5.              

60 

J  Oi                     

57 

2  0.                    

58 

4.0 

63 

A  comparison  of  these  figures  with  the  results  of  our  researches 
shows  a  great  similarity,  and  in  plotting  the  figures  there  is  a 
very  close  agreement.  In  his  4  per  cent  alloy  as  unannealed,  to 
which  Breuil  calls  particular  attention,  there  is  an  elastic  limit 
of  97,600,  an  ultimate  strength  of  109,500,  and  an  elongation  of 
13  per  cent  and  a  reduction  of  area  of  46  per  cent.  In  our  tests 
the  results  for  corresponding  materials  are — elastic  limit, 
100,560;  ultimate  strength,  108,640;  elongation,  13 V2  per  cent; 
reduction  of  area  45.6  per  cent.  For  the  annealed  sample, 
Breuil  gives  elastic  limit  65,000  lbs;  ultimate  strength  71,500, 
elongation  22  per  cent,  reduction  of  area  63  per  cent.    Our  re- 
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suits  are;  elastic  limit  53,570  lbs.,  ultimate  strength  66,540^ 
elongation  24.8,  reduction  of  area  54.2.  In  our  tests  the  anneal- 
ing shows  a  greater  effect,  resulting  in  less  strength  with  greater 
ductility;  and  the  same  is  true  in  the  comparison  for  all  per- 
centages of  copper. 

"While  Breuil  lays  particular  stress  on  the  4  per  cent  alloy,  our 
results  would  seem  to  indicate  the  greatest  value  between  1  per 
cent  and  2  per  cent  for  the  annealed  samples.  The  very  sharp 
rise  of  the  elastic  limit  and  the  ultimate  strength  at  this  per- 
centage gives  values  but  very  little  less  than  those  for  higher 
copper  content,  with  a  lessened  cost  for  the  addition  element; 
also  there  is  a  removal  from  the  region  where  the  forging  and 
welding  properties  are  poorer  with  consequent  uncertainties  of 
result.  Likewise,  between  1  per  cent  and  2  per  cent  the  elastic 
limit  and  the  reduction  of  area  are  very  high. 

It  would  hardly  be  advisable  to  work  with  1  per  cent  of  copper, 
since  this  is  on  the  edge  of  the  incline,  where  there  is  liable  to 
be  a  fall  to  the  lower  values  obtained  with  lower  percentages  of 
copper.  At  VA  per  cent  we  are  far  e*nough  removed  so  that  the 
slight  differences  of  composition  to  be  met  in  practice  would  not 
bring  the  material  into  a  dangerous  region.  Also,  the  elastic 
ratio  of  0.78  is  slightly  lower  than  for  the  4  per  cent  alloy,  where 
it  is  0.81. 

We  would  have  considerable  hesitation  in  bringing  forward 
this  point  without  a  vast  number  of  tests  for  confirmation,  but 
for  the  fact  that  an  observation  of  Breuil's  results  indicate  the 
same  condition.  He  has  perhaps  noticed  this  fact,  but  makes 
no  mention  of  it  in  his  article.  As  will  be  seen  from  the  table 
of  his  results  which  is  given  above,  there  is  a  sharp  increase 
between  0.5  per  cent  and  1  per  cent  of  copper,  where  the  elastic 
limits  are  38,200  and  54,800,  respectively,  and  the  ultimate 
strengths  59,000  and  69,500.  Again,  we  note  but  little  change 
in  the  elongation  and  reduction  of  area.  Between  0  per  cent  and 
0.5  per  cent,  and  between  1  per  cent  and  2  per  cent,  the  change 
is  not  marked.  The  fact  that  two  independent  investigations  give 
this  result,  seems  fairly  conclusive  of  the  effect. 

Another  fact  to  be  noted  in  our  tests  is  the  marked  difference 
between  the  unannealed  and  the  annealed  samples.  It  would  indi- 
cate that  there  is  an  intermediate  heat  treatment  which,  not  being 
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SO  drastic  in  its  effect  as  our  long  iaimealing,  would  give  inter- 
mediate values,  and  thus  approximate  the  nickel  steels.  This 
condition  migbt  be  reached  in  commercial  rolling,  where  heavier 
masses  of  metal  leave  the  materiaT  in  a  condition  analogous  to 
that  resulting  from  a  partial  anneal. 

To  compare  the  copper-iron  with  the  nickel  alloys  we  may 
again  quote  "Waddell's  extensive  investigations  mentioned  previ- 
ously under  the  nickel-iron  series.    Repeating  this  data,  we  note 
a  steel  with  about  3 14  per  cent  nickel,  carbon  0.38  per  cent,  the 
values  for  which  may  be  taken  as:  elastic  limit  60,000  lbs.  per 
sq.  in.,  ultimate  strength  105,000  lbs.  per  sq.  in.,  elastic  ratio 
from  0.55  to  0.60.     These  values  are  for  sections  as  rolled  with- 
out heat  treatment  and  working  at  a  somewhat  low  ductility,  as 
shown  by  the  figures  15  per  cent  for  nickel  steel,  27  per  cent  for 
carbon  steel  (in  8  inches)  and  a  reduction  of  area  of  41  per  cent 
for  nickel,  compared  to  55  per  cent  for  the  carbon  steels.    With 
the  carbon   reduced  to  0.15,  the  values  become:   elastic  limit 
45,000,  ultimate  70,000,  elongation  25  per  cent;  and  for  (C  = 
0.45)  the  elastic  limit  is  65,000^  the  ultimate  115,000  and  the  elon- 
gation 12  per  cent. 

These  values  are  higher  than  ours  for  the  copper-iron  alloys  but 
are  not  in  direct  comparison.  Our  own  figures  for  a  nickel-iron 
alloy  made  under  the  same  conditions  as  the  copper-iron  series, 
are  given  in  the  following  table,  where  the  4  per  cent  nickel  is 
compared  with  the  1.5  per  cent  and  4  per  cent  copper  alloys. 
There  is  also  given  Hadfield's  test  of  an  alloy  of  3.82  per  cent 
nickel  and  carbon  =  0.19  per  cent  (Inst.  Civ.  Engrs.,  March  28, 


Elastic 
limit 

Ultimate 
strength. 

Elastic 
ratio. 

Elonsratlon 
per  cent 

Reduction 
of  area 
percent. 

rnAimcALVD: 

4.00  Nl 

1  50Cu          

©7.000 

73.920 

105.560 

02.720 

57,000 
51.570 
53,570 
56,000 

76,000 

77,300 

106.640 

82.800 

60.000 
65.720 
66,540 
73,920 

0.88 
0.P6 
0.97 
0.76 

o.as 

0.79 
0.81 
0.76 

28.5 
23.5 
13.5 
30.0 

26.5 
29.2 
24.8 
35.0 

68.6 
66.9 

4.OOCU     

45.6 

3.g2Nl 

54.0 

AinnBALBD: 
400N1        

64.8 

1  50  Cu 

63.1 

400Cu        

,'»4.2 

3.fflNl 

55.0 
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The  above  values  for  the  nickel  alloys  are  less  than  are  com- 
monly given  to  commercial  materials  where  the  carbon  is  a  factor. 
The  results  are  very  comparable  to  those  of  the  copper-iron  series 
made  under  identical  conditions. 

Waddell,  in  his  paper,  shows  that  there  is  an  economic  ad- 
vantage in  the  use  of  the  nickel  steels  in  comparison  with  the 
carbon  steels  ordinarily  used,  since  their  increased  cost  is  more 
than  offset  by  the  less  weight  required,  due  to  their  increased 
strength.  Our  results  and  comparisons  would  indicate  that  the 
<»opper-iron  alloys  are  also  worthy  of  consideration  and  might  be 
comparable  to  the  nickel  steels  in  use,  even  if  the  strength  should 
not  reach  such  high  values  as  those  of  the  nickel.  A  lyi  per  cent 
copper  alloy  is  of  promise,  since  the  smaller  percentage  required 
and  the  lessened  cost  per  pound  of  copper  as  compared  with 
nickel  would  result  in  a  lessened  cost  of  construction,  even  if 
there  is  some  increase  in  tonnage  required  because  of  the  slightly 
<iecreased  strength  per  equal  weight. 


NICKEL-COPPER-fRON  ALLOYS 

Jn  view  of  the  well  known  beneficial  effect  of  the  addition  of 
nickel  to  iron,  and  because  of  the  very  great  and  rather  unex- 
pected increase  of  tensile  strength  observed  in  our  tests  of  the 
copper-iron  alloys,  due  to  the  increasing  perc'fentage  of  copper,  it 
was  thought  advisable  in  order  to  round  out  this  research,  to 
carry  out  tests  on  a  series  of  alloys  in  which  both  nickel  and 
eopper  were  added  to  the  electrolytic  iron. 

The  advisability  of  the  investigation  was  prompted  by  several 
considerations — first,  the  benefits  observed  by  the  separate  ad- 
ditions of  nickel  and  copper  might  be  coupled  in  their  joint  use ; 
second,  the  close  relationship  of  copper,  nickel  and  iron  in  chemi- 
cal and  physical  properties  might  lead  to  interesting  results  in  a 
ternary  alloy ;  third,  and  this  was  the  reason  of  greatest  weight — 
there  is  on  the  market  a  nickel-copper  alloy  which  would  make  a 
very  desirable  addition  agent,  in  case  the  simultaneous  presence 
of  both  copper  and  nickel  give  a  tensile  strength  no  less  than 
that  observed  for  the  two  separate  alloys. 

We  refer  to  Monel  metal,  resulting  from  the  reduction  of  cer- 
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tain  ores  from  which,  by  smelting  alone,  this  alloy  is  formed. 
The  main  constituents  are  nickel  and  copper,  in  the  proportions 
of  about  three  to  one,  respectively.  The  material  is,  for  the 
present  at  least,  obtainable  at  a  price  about  eqiial  to  that  of 
<;opper.  and  very  much  below  the  cost  of  nickel.  Here,  th^n, 
is  a  means  of  g^etting  nickel  additions  for  steel,  provided  the 
<?opper  carried  does  not  neutralize  the  effect  of  the  nickel. 
S<Mne  particulars  regarding  Monel  metal  are  given  below. 


Analysis. 

Xirkcl 

....1          66.90 

l>7.96 

"Copper 

i          24.35 

2B  00 

Iron 

5.00 

2.80 

Man^aneie 

9   1H 

I  82 

ilechanical  tests  gave  for  cast  samples  ultimate  strengths  of 
30,400  and  35,000  lbs.  per  sq.  in.  For  rolled  samples  the  figures 
were — elastic  limit  74,400  and  79,000  lbs.  per  sq.  in.,  ultimate 
Mrength  100,000  and  104,000  lbs.  per  sq.  in. 

Thus  we  see  that  the  alloy  has  very  good  inherent  mechanical 
properties,  and  the  analyses  indicate,  besides  the  nickel  and  cop- 
per, only  iron  and  manganese,  and  the  latter  is  no  detriment  to 
steels. 

Examining  the  above  table  of  analyses,  we  note  a  nickel-copper 
ratio  of  about  2i/ij  or  3  to  1.  The  desirable  addition  of  nickel  to 
irteels  is  from  3  per  cent  to  4  per  cent.  Our  tests  give  as  a  de- 
sirable amount  in  the  iron-copper  series  about  IV2  per  c^i^t  of 
copper.  Comparing  these,  we  see  here  a  ratio  of  about  2Y2  or 
3  per  cent  to  1,  the  Monel  proportions.  This  striking  analogy 
prompted  the  following  series,  in  which  the  nickel  was  varied 
from  2  per  cent  to  6  per  cent,  with  the  copper  in  each  case  in  a  3 
to  1  ratio.  Unfortunately,  at  the  time  the  alloys  were  made,  no 
Monel  metal  was  on  hand,  and  they  were  made  by  adding  the 
proper  amounts  of  copper  and  nickel.  The  preparation  of  the 
alloys  and  test  samples  was  in  all  respects  in  conformity  with  the 
methods  described  previously  in  this  paper. 
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The  series  prepared  was  as  follows — 


r 

Bar. 

Per  cent 
Nickel. 

Per  cent 
Copper. 

174M 

2 
3 

t 

6 

0.7 

174N 

1.0 

1740 

1.3 

174P 

1.6 

174R 

2.0 

Analyses  have  not  been  made  to  confirm  these  percentages,- 
However,  in  view  of  the  close  agreement  in  both  the  nickel  and 
the  copper  series,  the  actual  amounts  are  probably  very  close  to* 
those  indicated  above. 

The  whole  series  forged  without  difficulty  at  normal  heats,  and 
could  be  worked  at  low  temperatures  also,  without  indications, 
of  red  shortness  in  any  instance. 

For  the  tests,  three  samples  were  cut  from  each  forged  rod^ 
of  which  two  were  annealed  at  900^  C,  and  one  left  unannealed. 
Before  annealing,  the  bars  were  machined  to  a  diameter  of 
about  %  inch  over  a  free  length  of  2  inches.  This  work  was  done 
without  difficulty  in  the  lathe,  except  for  Bars  174P.  One  of 
these  samples  was  finished  in  the  lathe,  showing  no  material  hard- 
ness; the  other  two,  however,  had  a  hard  seam  which  made  it 
necessary  to  grind  them  to  size.  Subsequently,  both  bars  showed' 
flaws  in  the  tests. 

Tensile  Strength  Tests 

The  results  of  the  tests  are  indicated  in  Table  5  and  in  Plates- 
V  and  VI.  In  the  plates  the  yield  point,  maximum  stress,  elonga- 
tion  and  reduction  of  area  are  plotted  for  each  composition,  the 
same  designating  symbols  being  used  as  noted  in  the  previous^ 
tests.  No  effort  has  been  made  to  draw  a  smooth  curve  follow^ 
ing  the  points;  instead,  they  have  been  connected  by  straight 
lines.  This  was  done  because  of  the  small  number  of  tests  of 
each  alloy. 

Unannealed 

But  one  bar  of  each  composition  was  available  for  test  in  the- 
unannealed  condition.     The  results,  however,  are  fairly  consist- 
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«nt,  and  reference  to  Plate  V  shows  an  increase  of  ultimate  stress 
and  elastic  limit  with  increase  of  the  alloying  elements,  from 
79,200  to  99,700  and  from  62,100  to  81,700,  respectively,  for  the 
limiting  alloys  of  2Ni  0.7Cu  and  6Ni  2Cu.     The  elongation  and 
reduction  of  area  fall  off  in  accordance,  but  the  extreme  values 
of  22  per  cent  to  28  per  cent,  and  39.3  per  cent  to  58.8  per  cent, 
respectively,    are  very  good,  and  indicate  an  absence  of  any 
l)rittlenes8.     Even  the  minimum  addition  of  2Ni  0.7Cu  gives  the 
very  high  values  of  elastic  limit  62,100,  ultimate  stress  79,200, 
elastic  ratio  0.78,  elongation  in  2  inches  26  per  cent  and  reduc- 
tion of  area  56.7  per  cent. 

Annealed 

Two  bars  of  each  composition  were  annealed  at  900°  C  for  sev- 
eral hours.  The  tabulated  results  show  very  great  consistency, 
not  only  for  the  two  bars  of  each  alloy,  but  also  in  the  tendency 
of'  the  increasing  additions,  best  shown  in  Plate  VI. 

Annealing  has  had  but  little  effect  on  the  bars,  except  at  the 
lower  end  of  the  series,  where  it  has  decreased  the  elastic  limit 
and  ultimate  strength,  with  a  corresponding  increase  of  elonga- 
tion and  reduction  of  area.  The  values  for  the  composition  2Ni 
0.7Cu  are,  however,  still  good,  averaging  in  ultimate  stress 
68,700,  yield  point  48,600,  elongation  30  per  cent,  reduction  of 
area  61.5  per  cent.  For  the  higher  percentage  additions  the 
strengths  have  been  increased  by  annealing  and,  as  is  shown  most 
clearly  by  the  curves  of  Plate  VI,  the  increase  of  strength  has 
been  uniform  with  increase  of  nickel  and  copper,  and  rises  to  the 
extremely  high  values  of  elastic  limit  83,200  and  maximum  stress 
J03,700,  for  the  highest  percentage  of  6Ni  2Cu.  Elongation  and 
reduction  fall  off  wnth  the  increase,  but  here  again  we  have  values 
denoting  good  ductility,  with  no  sign  of  brittleness. 

Comparisons 

In  order  to  make  direct  comparison  of  the  effects  of  the  addi- 
tion of  nickel  and  copper  to  iron  in  the  ternary  alloys,  with 
those  of  the  separate  additions  of  the  two  elements  in  the  binary 
series.  Table  6  has  been  prepared.     In  this  table  the  average  yield 
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points,  ultimate  stresses,  elongatioDs  and  reductions  of  area  are 
noted  in  columns  for  the  nickel-copper-iron,  nickel-iron  and  cop- 
per-iron groups.  The  percentage  compositions  are  given  in  the 
order  of  the  ternary  series;  for  the  binary  series  the  values  are 
those  from  Tables  1,  2,  3  and  4,  corresponding  to  the  percentages 
of  the  separate  elements  in  the  two  columns  of  compositions  of 
Table  6. 

The  comparability  of  the  copper-iron  and  nickel-iron  groups  is 
clearly  shown,  indicating  the  facts  noted  in  the  previous  dis- 
cussion of  the  separate  groups.  The  values,  line  for  line,  are  not 
markedly  different,  even  though  we  are  comparing  directly  pro- 
portions of  nickel  to  copper  in  the  ratio  of  3  to  1. 

The  effect  of  the  double  addition  of  nickel  and  copper  is  most 
striking.  In  all  but  one  or  two  instances  the  values  for  the 
ternary  alloy  exceed  those  for  either  binary  series,  at  both  the 
elastic  limit  and  the  ultimate  stress.  And  the  effect  is  even  more 
marked  after  the  annealing  of  the  bars.  In  fact,  one  might  al- 
most treat  the  copper  as  so  much  added  nickel,  and  compare  bars 
on  the  basis  of  a  certain  nickel  content  on  the  one  hand,  against 
an  equal  quantity  of  nickel  plus  copper  in  the  ternary  alloy. 
And  even  this  will  not  do  for  the  higher  percentages  of  the 
nickel-copper-iron  alloys,  since,  especially  for  the  annealed  bars, 
the  strength  of  the  ternary  alloys  is  very  markedly  greater  than 
any  of  the  binary  series.  These  high  strength  values  are  reached 
with  practically  no  diminution  of  ductility,  as  is  indicated  by 
comparison  of  the  figures  for  elongation  and  reduction  of  area. 

For  those  annealed  bars  corresponding  to  a  composition  of  4 
per  cent  nickel  plus  1.3  per  cent  copper,  which  in  the  discussion 
of  the  binary  series  we  mentioned  as  the  percentages  in  each 
case  of  greatest  utility,  we  find  the  same  relation  holding  as  in 
the  rest  of  the  alloys.  The  values  for  the  ternary  alloy  are: 
elastic  limit  67,600,  maximum  stress  84,700,  elongation  28  per 
cent  and  reduction  of  area  55.6  per  cent.  For  a  binary  4  per 
cent  nickel  alloy  the  figures  are:  elastic  limit  52,100,  ultimate 
stress  70,100,  elongation  28  per  cent  and  reduction  of  area  66.7 
per  cent;  and  for  a  IV2  copper  alloy:  yield  point  51,600,  ulti- 
mate 65,700,  elongation  29  per  cent,  reduction  of  area  63.1  per 
cent. 
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These  tests,  therefore,  while  not  as  extensive  as  would  he  de- 
sirable to  draw  absolute  conclusions,  are  sufficiently  consistent 
to  warrant  the  statement  that  for  carhon-free  materials,  at  least, 
the  sunultaneous  presence  in  iron  of  nickel  and  copper  does  not 
destroy  the  ^ood  effects  of  the  separate  percentages  of  each  ele- 
ment in  a  binary  series.  On  the  contrary,  there  is  apparently  an 
increase  of  tensile  strength  without  loss  of  ductility,  and  no  evi- 
dence of  a  brittle  zone  throughout  the  series. 

How  far  the  percentages  may  he  increased  before  there  is  evi- 
denee  of  brittleness  or  red  shortness,  is  problematical. 

While  all  of  our  alloys  have  been  made  of  iron  practically  free 
from  carbon,  the  combined  influence  of  nickel  and  copper  has 
appeared  so  marked  as  to  warrant  further  investigation.  It  also 
appears  highly  important  that  similar  study  be  made  of  the  effect 
of  these  alloying*  agents  upon  commercial  steels  with  their  cus- 
tomary percentages  of  impurity. 
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Table  1. 
Tensile  Strength — Iron  Nickel  Alloys— Unannealbd 


Yield  Point 
Ibs/sq.  In. 

Ultimate  Stress 
Ibs/su.  in. 

Elonqatton 
PerCt^2- 

REDrcTios  or 
Area  PerCt. 

%Ni 

No. 

Max. 

MIn. 

Av. 

Max. 

MIn. 

Av. 

Max 

MIn. 

Av. 

Max^Min. 

Av. 

0.25 

3 

66,600 

48,250 

57.180 

75,600 

55.600 

66,730 

28,5 

22.0 

25.2 

65.7   50.0 

57.6 

0.50 

2 

58.200 

55.400 

56,800 

70,700 

67,700 

69,200 

21.5 

19.0 

20.2 

62.8!  58.8 

60.8 

1.00 

4 

58.200 

51.300 

56,820 

72,300 

66,200 

68,320 

32.5 

18.5 

25.2 

68.5   53.0 

60.9 

2.00 

4 

63,000 

55,000 

58,520 

74,700 

67.300 

70,350 

33.5 

17.0 

26.0 

65.5   43.7 

60.7 

3.00 

5 

67,500 

56.700 

62,920 

79.500 

67,900 

74.860 

29.0 

17.5 

24.5 

65.0  62.4 

63.9 

4.00 

3 

68,900 

61,000 

65,000 

75.500 

75,200 

75.670 

29.5 

26.5 

27.8 

68.8  62.2 

66.5 

5.00 

4 

71,800 

59,700 

64.030 

78,700 

73,800 

77,150 

32.0 

26^ 

29.2 

09.7   59.7 

65.3 

6.00 

1 
4 

67,300 
70,080 

77,300 
85,500 

29.0 
25.2 

68.5 

7.00 

82,750 

63,200 

93,100 

79,800 

28.0 

18.5 

66.r  57.3 

61.0 

8.00 

4 

78,300 

65,700 

70.770 

98,000 

83,900 

91,740 

31.0 

14.5 

22.6 

64.8   49.1 

56.1 

9.00 

5 

113,800 

69,800 

80,760 

136.000 

97,700 

112,700 

24.0 

8.0 

18.4 

63.4   45.4 

57.7 

10.0 

5 

141,400 

89,400 

118,960 

172,900 

120,500 

153,360 

15.5 

2.0 

9.1 

53.7     2.9 

29.0 

10.5 

3 

150,000 

104,900 

134,470 

188,800 

123,600 

166,200 

10.0 

4.0 

6.2 

48.5     3.5 

24.9 

11.0 

' 

166.800 

123,400 

148,240 

205.000 

165,200 

181,230 

9.5 

2.0 

7.0 

56.7,     1.4 

25.5 

12.0 

5 

168,800 

116,700 

141.140 

195.800 

150,000 

178,420 

13.0 

2.5 

7.1 

43.5     2.2 

23.8 

13.0 

4 

152,000 

116,500 

130,620 

203,500 

129,500 

171,500 

1 

10.5 

3.0 

6.9 

70.5|    9.8 

43.4 

15.0 

2 

133.500 

116,500 

125,800 

211.000 

167,000 

184,730 

14.5 

4.5 

8.2 

58.7 

12.1 

34.1 

18.0 

3 

148,800 

126,800 

138,170 

183,500 

176,000 

178,500, 

13.5 

10.5 

12.3 

60.0-  38.5 

49.3 

19.0 

3 

149.000 

126,200 

134.730 

189,500 

175.800 

183.270 

15.0 

13.5 

14.2 

59.6   46.8 

53.1 

20.0 

1 
2 

115,500 
137.700 

186,100; 

180, 85o' 

16.0 
11.0 

50.5 

21.0 



143,700 

131,700 

181,700 

180,000 

14.0 

8.0 

48.9 

25.1 

37.0 

25.0 

1 

1 
1 

56,400 
54,600 
75,700 

104,200 
82,000 
108,500 

45.0 
32.5 
26.5 

68.3 

45.0 

65  0 

50  0 

63  7 





1  . 
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Table  2. 
Tbnsile  Strength — Iron  Nickel  Alloys— Unannbalbd 


1      Yield  Point 
1           n)N/sq.  In. 

1 

Ultimate  St 
Ibs/sq.  In 

BESS 
Av. 

Elongation 
PebCt2'. 

Reduction  of 
Area  PerCt. 

%Si. 

No. 

1-' 

Mln. 

Av. 

Max. 

Min. 

Max 

36.5 

Mln. 
33.5 

Av. 
35.0 

Max 

74.4 

Min. 
65.0 

Av. 

0.25 

1 
2      40.200 

35.900 

38,060 

51,100 

49.600 

50,350 

69.T 

0.50 

2      43.300 

37.700 

40,500 

50,200 

51,700 

55.450 

37.5 

35.5 

36.5 

70.3 

70.1 

70.2 

1.00 

3       44.400 

43,300 

43.830 

63.500 

57,200 

59.830 

36.0 

29.5 

33.7 

73.5 

66.5 

68.8 

2.0(J 

3      5I.200I  46.400 

48,770 

66.600 

63,100 

64,400 

30.0 

31.0 

34.2 

69.1 

58.6 

65.4 

3.00 

3    1  61.100,  44.400 

55,400 

74,900 

65.700 

70.670 

30.5 

23.5 

27.5 

73.3 

62.8 

67.6 

4.0o'     3  l'  57,90ol  47.400 

52,100 

73.300 

67,900 

70,070 

32.0   22.5 

28.4 

70.3 

63.4 

66.7 

5.00    4  ;  d2.dooi  52.  mo 

58,320 

77,100 

70,750 

73.230 

32.5   29.0 

1 

31.4 

70.3 

64.5 

68.1 

6-00      1 
T.OO:     3 

! 

56.400 
58,130 

75.300 
1    72,970 

1 

29.5 
26.7 

64.2 

t          1 

58.6001  57.300 

79,100 

74.000 

31. Oj  19.0 

67.5 

43.2 

58.5 

8.00      3    1  67,250   61,300 
9.00     3       74.700   70.750 

63.320 

82,600 

73,400 

'    78.470 

33.0:  27.0 

30.2 

68.8 

58.3 

64.4 

72,180 

96.300 

84,300 

89.970 

29.0'  21.0 

25.1 

65.4 

50.3 

60.2 

10.0  1     3    ^  81,200i  66.400 

71,800 

98.400 

80.700 

1    89,300 

24.0!  20.5 

1 

22.3 

61.5 

54.7 

50.1 

10.5       3 

1  71,900   67.500 

69.100 

92.750 

86.200 

,    89.450 

25.5   22.0 

24.2 

61.0 

50.5 

57.2 

U.O       5 

,127, 200'  60,800'  99,160 

1 

167.500 

95,750 

'  121.810 

23.0'   0.0 

11.6 

65.2 

0.0 

34.6 

12.0      3 

:ill.30O|  80,000,  97.730 

142.400 

118,200 

1  121.800 

16.5j  11.0 

14.5 

47.2 

8.3 

35.8 

13.0      4     140,700  114,800  128.050 

177,000 

148,500 

161,370 

14.C 

1    2.0 

6.8 

51.6 

1.4   18.2 

15.0      2     142,000  110.600126,300 

180.500 

126, IOC 

1  153,300 

I6.5!    4.5 

10.5 

66.5 

4.8   35.8 

18.0      2     146.900  128,500!  137, 700 

182.100 

181,  OOC 

181,550 

15.0|    5.0 

10.0 

58.9 

9.9{  34.4 

19.0      2     120.800  111,500116.150 

185.200 

176, 20(] 

^  180.700 

11.5,  10.0 

10.7 

45.6 

31.9'  38.7 

20.0      1 
H  0     ^ 

111.000 
'122,600 

I  124,900 
'  193,700 

21.5 
4.0 

'  62.5 
4.2 

1 

M 

i 
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Table  3. 
Tbnsilb  Strbnoth — Iron  Copper  Allots — Unannealed 


0 

o 

1 
3 

YlBLD  POIHT 

Ibs/SQ.  in. 

Ultimate  Strbsh 
Ibs/SQ.  In. 

Elongation 
Per  Ct.,2- 

Reduction 

OF  Area 

PerCt. 

1 

Max. 

> 

< 

1 

> 

< 

c: 

i 

< 

X 

i 

> 
< 

0.1 

56.600 

45,400 

52.580 

64.000 

60,300 

61,180 

30.0 

27.5 

28.0 

70.9 

66.7 

60.2 

0.2 

6 

55,600 

50.700 

52,930 

63.750 

60.000 

61,470 

36.5 

24.5 

28.7 

73.2 

56.9 

67.2 

0.4 

2 

50,700 

56.100 

57.900 

67.250 

66.400 

66,825 

29.5 

23.0 

28.2 

72.1 

69.4 

70.7 

0.45 

2 

54,800 

53,100 

53,950 

62.700 

58,800 

60,750 

27.0 

24.0 

25.5 

67.7 

47.2 

57.4 

0.6 

2 

57,750 

51.000 

56.170 

67.000 

64,750 

66,875 

27.5 

27.5 

27.5 

72.8 

71.5 

72.1 

0.8 

2 

55,500 

53.800 

54.650 

67.500 

65,100 

66.300 

27.0 

25.5 

26.2 

72.5 

71.7 

72.1 

1.0 

5 

63.300 

56.800 

61.290 

70.800 

68,300 

71.380 

28.0 

21.0 

25.8 

72.0 

66.8 

70.3 

1.2 

2 

66.300 

50.500 

62.900 

74.600 

72,300 

73.400 

28.0 

24.5   26.2 

68.8 

64.5 

66.6 

1.4 

2 

68,100 

67,300 

67.700 

78,600 

76,600 

77.600 

25.0 

18.0 

21.5 

70.0 

64.5 

67.2 

1.5 

3 

77.260 

70,000 

ra.  920 

78,800 

76,200 

77.300 

26.5 

20.5 

23.5 

68.6 

64.5 

66.9 

1.6 

2 

75.100   73,300 

74.200 

82,750 

79,100 

80,925 

25.0 

25.0 

25.0 

66.6 

66.2 

66.4 

1.8 

2 

81.100 

77,600 

79.350 

91,000 

86,000 

88,500 

27.0 

24.0 

25.5 

60.3 

61.8 

64.0 

2.0 

3 

78.800 

73,400 

76.990 

89,500 

82.250 

87,010 

23.5 

17.5 

21.2 

50.5 

54.5 

57.0 

2.5 

2 

81,100 

81,000 

81.050 

89,400 

86,400 

87.900 

19.0 

18.5 

18.7 

62.8 

50.1 

61.0 

3.0 

6 

05.100 

73,750 

86.810 

105,000 

83,750 

99.640 

24.0 

12.5 

16.7 

65.6 

36.1 

53.8 

8.5 

1 
5 

75.400 
100.560 

82.300 
108.640 

10.0 
13.5 

72.7 

4.0 

111,100 

92,700 

120,700 

99,200 

17.5 

8.0 

52.3 

24.8 

45.6 

4.5 

2 

117.800106,400 

112,100 

127.900 

115,500 

121.700 

17.0 

4.5 

10.8 

47.2 

3.9 

25.1 

5.0 

2 

119.7001113,000 

116.350 

123.800 

120,000 

121.900 

15.0 

14.0'  14.5 

1 

50.1 

48.3 

49.2 

5.5 

2 

114,700 

102.300 

108,500 

122,800 

106,200 

114.000 

15.5 

15.0!  15.2 

53.8 

46.6 

49.7 

6.0 

3 

124,200103,000 

113,400 

136,700 

107.500 

122.900 

9.0 

4.5,    6.5 

36.5 

4.1 

20.3 

7.0 

2 

128,800  117.000 

122.900 

133,800 

131,000 

132.400 

6.0 

2.0     4.0 

12.9 

1.7 

7.3 

8.0 

2 

146.800  IXt-VM) 

135.100 

160,000 

137,500 

148.750 

0 

0 
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Table  4. 
Tbksilb  Strrnoth— Ibon  Ck>ppsR  Alloys — Annbalbd 


3 

i 

S5 

YisLD  Point 
ibs^sq.  in. 

Ultimatb  Stbbss 
Ibs/sq.  In. 

Elongation 
Per  Or/ 2' 

RBDUOTIONOF 

Arsa  Pkr  Ot 

8 

Max. 

Mln. 

Av. 

Max. 

Min. 

Av. 

Max 
35.0 

Min. 
28.0 

Av. 
31.5 

Max 

Min. 

At. 

0.1 

2 

40,75( 

D  34.400 

35,570 

56,500 

51.600 

54,050 

62.2 

58.3 

60.2 

0.2 

4 

36,  &a 

)   31,800 

33,660 

56,000 

52,700 

54,020 

36.0 

29.5 

34.1 

67.7 

62.7 

65.6 

0.4 

2 

35,70r 

)  36,100 

35,400 

63,700 

53,100 

53,400 

37.5 

34.0 

35.7 

72.1 

60.3 

70.7 

0.45 

2 

42.25( 

41,250 

41,750 

66,300 

64; 600 

65,400 

26.0 

25.0 

25.5 

53.6 

46.0 

40.8 

0.6        2     38,4« 

38,300 

38.850 

56.600 

56,500 

56.560 

36.5 

32.0 

34.2 

60.0 

68.8 

68.9 

0.8   1    2     41,300 

40,700 

41,000 

59,750 

57,400 

58.570 

34.0 

32.0 

33.0 

65.1 

64.7 

64.9 

I.O        4     54,800 

46,400 

48.920 

63,900 

61,100 

62,350 

34.0 

30.0 

32.6 

68.3 

66.1 

66.8 

1.5        6  (58, 100 

48,100 

51,570 

70.500 

62,100 

65,720 

33.5 

22.0 

29.2 

65.1 

50.3 

63.1 

2.0 

6  154,300 

48.400 

51.620 

65,100 

60.500 

63.200 

31.5 

27.5 

29.5 

68.1 

62.0 

64.4 

2  5 

1 

56,200 
50.800 

73.500 
62.360 

23.0 
26.9 

47  3 

3.0 

7     S 

3,800    48,700 

67,600 

50,000 

33.5 

10.5 

60.1 

46.3 

61.7 

4.0 

5     57,100    48,600 

53,570| 

70,900 

62.700 

66.540 

28.0 

22.0 

24.8 

65.3 

39.3 

54.2 

5.0 

4     57,600 

50,700 

54.460 

74.700 

62.400 

68.250 

29.0 

20.5 

24.2 

62.9 

29.1 

50.3 

5.5 
6.0 

1 

54,800 
54,420 

60.300 
64.530 

25.0 
20.8 

60  4 

3     5 

5,500 

51,750 

65,600 

62.500 

24.5 

18.0 

59.0 

39.2 

49.9 

6.45 

2     5&,750 

54,600 

55,170 

60.700 

69.200 

60.460 

25.5 

16.5 

21.0 

48.1 

30.5 

30.3 

7.0 

2     57.150 

56,750 

56,960 

70.900 

67.900 

60,400 

ao.o 

14.0 

17.0 

40.8 

21.-7 

31.2 

7.5 

J 

60,200 

79.000 

16.5 

M.2 
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Table  5. 
Nickel-Coppbr-Iron  Alloys — Tbnsilb  Strength 


Bar. 


% 

Ni. 


% 
Cu. 


Unannbaled. 

o.r 

1.0 
1.3 
1.6 
2.0 

AmOBALBD. 

174m      2      0.7 


174m 

2 

N 

3 

o 

4 

p 

5 

B 

6 

K     3 


1.0 


1.3 


1.6 


2.0 


Diam. 


0.372 
0.374 
0.373 
0.375 
0.374 

0.371 
0.373 
0.375 
0.375 
0.373 
0.373 
0.375 
0.200 
0.374 
0.375 


Area. 


0.1087 
0.1099 
0.1093 
0.1104 
0.1099 

0.1081 
0.1093 
0.1104 
0.1104 
0.1093 
0.1093 
0.1104 
0.0314 
0.1099 
0.1104 


STRB88/in«. 


Yield 
point. 


62,100 
67,400 
63,300 
66,500 
81,700 

48.400 
48,900 
56,400 
57,100 
68,600 
66,600 
73,100 
75.200 
83,900 
82,500 


Maxi- 
mum. 


79.200 
80,100 
85,700 
89,400 
99,700 

68,200 
69.200 
73,600 
71,400 
84,700 
84,700 
83,400 
89,500 
104,800 
102,700 


0.26 

0.28 

0.! 

0.22 

0.25 

0.30 

0.30 

0. 

0. 

0.28 

0.27 


0.22 
0.21 


Re 
duced 
Area. 


0.0471 
0.0452 
0.0594 
0.0670 
0.0511 

0.0391 
0.0445 

o.a 

0.0456 
0.0437 
0.0531 


0.0452 
0.0611 


Re- 
duc- 
tion 
of 

Area 
% 


56.7 
58.8 
45.7 
39.3 
53.5 

63.8 
59.3 
69.5 
58.7 
59.9 
51.3 


58.8 
53.7 


Remarks. 


Sliffht  flaw. 


(Machined  hard.) 
Broke  at  flaw  i 


Broke  at  flaw 


VSpUt. 


Short  longitudinal 
split. 
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Tablk  6. 
Comparison— Ikoi^Nickel-Coppbb  Alloys 


% 

NL 

% 
Ca. 

YlKIiD    POIWT. 

Max.  Stress. 

%  Elong. 

%  RSD. 

Nl-Cu 

Nl. 

Cu. 

Nl-Cu, 

Nl. 

c„. 

9 

9 

Nl. 

1 
Cu. 

0 

"i 

Nl. 

Cu. 

1 

2 

2 

UHAVlVKAUn>. 

t 

0.7      «2,100 

56,500 

54,700 

79,200 

70.300 

66,300 

26 

26 

26 

56.7 

60.7 

72.1 

3 

1.0  .    07,400 

62,900 

61,300 

80,100 

74,800 

71,400 

28 

24 

26 

58.8 

63.9 

70.3 

4 

1.3  ,    63,300 

65,000 

67,700 

85.700 

75,670 

77,600 

23 

28 

21 

45.7 

66.5 

67J! 

5 

1.6  ,    68,500    64,000 

74,200 

89,400 

77,150 

80,900 

22 

29 

25 

30.3 

65.3 

wTi 

6 

2.0  ;)  81,700    67,300 

76,900 

90.700 

77,300 

87,000 

25 

29 

21 

53.5 

68.5 

57.0 

AmnBAxjED.            1 

2 

0.7 

48,600 

48,800 

41,000 

68,700 

64,400 

58,600 

30 

34 

33 

61.5 

65.4 

64.9 

3 

1.0 

56,800 

55,400 

48,900 

72,500 

70,670 

62.300 

31 

27 

S3 

50.1 

67.6 

aoVs 

4 

1.3 

67.600 

52,100 

51,000 

84,700 

70,100 

65,700 

28 

28 

29 

56.6 

66.7 

63.1 

5 

1.6 

74,200    58,300 



86,400 

73,200 

31 

68.1 

6       2.0  II  83,200|  56,400 

51,600 

103,700 

75.300 

63,200 

22 

29 

29 

56.2 

64.2 

64.4 
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Tensile  Strength  Ibon-Nickel  Allots  Unannealed 


[74] 


Digiti 


ized  by  Google 


BURGESS— STRENGTH    OP    NICKEL.COPPBR-IRON   ALLOYS 


Plate  II 
TETivsir-E    Strength  Iron-Nickel  Alloys   Annbales) 
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/^oooe\ 


Plate  III 
Tensile  Strength  Iron-Copper  Alloys  Unannealed 
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Plate  IV 
Tkicsilx  Stbbnoth  Ibon-Coppeb  Allots  Aknsalxd 
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Plate  V 
Tensile  Stbenoth  Ibor-Nickel-Coppeb  Allots  UNAiTi7EALa> 
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Plate  VI 
Tensile  Stbei^oth  Ibon-Nickel-Copper  Alloys  Annealed 
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INTRODUCTION 

The  accompanying  bulletin  has  been  prepared  for  the  pur- 
pose of  calling  the  attention  of  engineers  to  the  high  efficiencies 
which  may  be  procured  in  transmitting  steam  over  considerable 
distances. 

The  results  were  compiled  by  Messrs  F.  R.  Brownlee  and  W. 
C.  Lindemann,  in  the  preparation  of  their  thesis  for  the  degree 
of  Bachelor  of  Science  in  the  year  1908,  and  include  a  detailed 
statement  of  their  test  of  a  superheated  steam  pipe  line  1,200 
feet  in  length,  designed  and  installed  at  the  Schlitz  Brewing 
plant  of  Milwaukee,  Wisconsin,  by  Mr.  J.  C.  White,  Mechanical 
Engineer  for  D.  W.  Mead,  Consulting  Engineer  at  Madison, 
Wisconsin. 
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LONG  DISTANCE  TRANSMISSION  OF  STEAM  AND  ITS' 
EFFECT  ON  POWER  FEANT  ECONOMICS. 


Although  it  is  impossible  to  destroy  energy  absolutely,  still 
it  seems  equally  impossible  to  change  a  given  amount  of  energy 
in  one  form  to  an  equal  amount  of  some  other  form  of  energy, 
the  difference  being  due  to  apparently  unavoidable  dissipation 
of  some  of  the  energy  into  forms  of  energy  other  than  that  de- 
sired. 

In  comparing  energy  transformations,  it  is  customary  to  di- 
vide the  output  of  energy  by  the  input,  and  the  resulting  quo- 
tient is  referred  to  as  the  eflSciency  of  the  transfer. 

Although  the  sun  is  the  source  of  all  energy,  still  the  greater 
part  of  the  energy  used  in  doing  such  useful  work  as  operating 
steam  ships,  railroads,  factories,  street  railways,  public  utilities 
and  industries  of  all  kinds,  comes  from  coal  and  other  fuel 
which  represents  energy  received  from  the  sun  years  and  ages 
ago.  It  is  the  province  of  the  engineer  to  make  the  transforma- 
tion from  the  energy  contained  in  this  fuel  to  some  desired  form 
of  energy  in  as  economical  a  manner  as  possible.  In  order  to 
increase  the  economy  of  this  change,  engineers  have  attempted 
from  time  to  time  to  increase  the  eflSciency  of  each  transfer  of 
energy  and  to  reduce  as  far  as  possible  the  number  of  trans- 
formations made  in  reaching  the  desired  form  of  energy.  That 
there  is  considerable  room  for  improvement  is  apparent  when 
attention  is  called  to  the  number  of  changes  now  used  in  modem 
electric  lighting  plants  in  transforming  the  energy  contained  in 
coal  or  other  fuel  into  the  desired  form  of  artificial  light. 
.  The  energy  contained  in  the  coal  is  rendered  available  by  the 
chemical  union  of  its  carbon  and  hydrogen  with  the  oxygen  of 
the  air,  and  the  heat  generated  is  given  in  part  to  the  boiler, 
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part  being  lost  through  incomplete  combustion  and  a  failure  to 
utilize  this  heat  as  fast  as  generated.  Of  the  energy  given  to 
the  boiler,  part  is  lost  by  radiation  in  turning  the  water  in  the 
boiler  into  steam.  As  the  steam  is  transmitted  through  the  pipe 
line,  further  loss  takes  place  because  of  radiation  and  friction, 
and  at  the  engine  itself  it  is  impossible  to  convert  more  than 
20  or  25  per  cent  of  the  energy  of  the  steam  into  mechanical 
energy  of  the  moving  piston.  A  further  loss  occurs  in  over- 
coming the  friction  of  the  engine,  and  at  the  electric  generator 
other  losses  take  place  as  well  as  losses  of  the  electric  trans- 
mission line  in  delivering  this  energy  in  the  form  of  electricity 
to  the  motor  or  lights.  If  the  energy  is  used  for  lighting,  only 
a  small  fraction  is  turned  into  the  desired  form  of  energy.  The 
eflSciency  of  each  step  depends  upon  the  losses  taking  place  in 
that  step. 
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EFFICIENCY  OF  STEAM  PLANTS 

Furnace  Efficiency 

**The  grate  design  and  size  must  be  accurately  worked  out  to 
suit  the  draft,  fuel  and  other  conditions  of  each  furnace  in  order 
to  give  the  best  results.  The  largest  loss  is  probably  in  the 
flue  gas,  depending  upon  whether  the  heat  had  been  properly 
extracted  therefrom  by  the  boiler.  The  total  furnace  efficiency 
is  generally  between  70  and  85  per  cent  for  ordinary  furnaces. 

Boiler  Efficiency 

**The  boiler  proper  has  a  very  high  efficiency.  Its  only  loss 
is  radiation,  and  this  factor  has  in  most  cases  been  properly 
taken  care  of.  Radiation  for  the  most  part  can  be  overcome  by 
insulation  of  the  boiler.  The  efficiency  can  be  estimated  at 
about  85  to  95  per  cent.  The  total  efficiency  of  the  boiler  and 
furnace,  combining  the  values  of  each  given  above,  is  (from  70 
to  85)  times  (85  to  95)  or  from  56  to  80  per  cent. 

Steam  Pipe  Efficiency 

**The  pipe  line  losses  are  radiation,  friction  and  condensa- 
tion. The  radiation  depends  largely  upon  the  difference  of 
temperatures  between  the  pipe  and  the  surrounding  air,  and 
can  be  reduced  considerably  by  good  insulation,  such  as  mag- 
nesia covering  or  some  similar  insulating  substance.  The  fric- 
tion is  an  uncertain  quantity  and  depends  largely  upon  the 
pressure  of  the  steam  in  the  pipe,  its  velocity,  and  the  size  of 
the  pipe.  It  can  be  reduced  by  using  a  pipe  which  is  consider- 
ably larger  than  necessary,  but,  by  increasing  the  pipe  the  radia- 
tion is  also  increased,  and  an  economic  mean  must  be  used  in 
order  to  secure  the  best  results.  The  condensation  in  most  cases 
is  considerable  and  is  an  important  item.     There  is  some  conden- 
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sation  even  with  superheated  steam.  It  depends  on  friction 
and  the  diflference  of  the  temperature  of  the  pipe  and  the  steam 
itself. 

Engine  Efficiency 

**The  eflSciency  of  the  engine  can  be  divided  into  two  partial 
eflSciencies,  thermal  and  mechanical  eflSciencies.  The  thermal 
eflSciency  of  a  steam  engine  is  the  ratio  of  the  B.  T.  U.  doing 
work  as  shown  by  thg  indicated  horse  power  to  the  B.  T.  U. 
supplied  in  the  steam.  Its  value  is  very  low  and  depends  largely 
on  the  type  of  engine  and  the  running  conditions.  The  prin- 
cipal losses  are  imperfect  expansion  and  compression  of  the 
steam  in  the  cylinder,  and  cylinder-condensation  and  radiation. 
The  most  eflScient  steam  engines  are  probably  the  triple  expan- 
sion Corliss  condensing  engines  and  the  large  power  steam  tur- 
bines. The  thermal  eflSciency  at  a  maximum,  can  be  estimated 
at  from  15  to  20  per  cent.  The  mechanical  eflSciency  is  the 
ratio  of  the  brake  horse  power  or  power  output  to  the  indicated 
horse  power.  It  depends  solely  on  the  friction  loss  of  the  en- 
gine and  can  be  estimated  about  85  to  95  per  cent.  The  total 
eflSciency  or  the  product  of  the  two  is  about  12  to  17  per  cent 
for  the  best  type  of  engines. 

Generator  Efficiency 

**As  in  the  case  of  the  engine,  there  are  losses  in  the  generator 
which  decrease  its  eflSciency.  The  most  important  of  these  are 
losses  due  to  field  resistance,  armature  resistance,  friction  in  the 
bearing  of  the  machine,  and  those  due  to  eddy  currents  and  hys- 
teresis. The  field  loss  is  due  to  the  heat  generated  in  the  field 
windings  by  the  field  current  and  represents  the  power  re- 
quired to  excite  the  field  magnets.  The  armature  loss  is  due 
to  the  heat  generated  by  the  armature  current  in  the  brushes, 
in  the  brush  contacts  and  in  the  armature  windings.  Hysteresis 
and  eddy  currents  losses*  chiefly  in  the  armature  core  are  due 
to  the  reversals  of  magnetization  as  the  armature  rotates,  and 
appear  as  heat.  Losses  due  to  friction  occur  in  the  bearings 
and  as  air  friction  or  windage  due  to  the  fahlike  action  of  the 
rotating  armature.    The  losses  all  add  up  and  lower  the  total 
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efficiency  of  the  machine.  There  are  several  diflferent  efficien- 
cies for  the  electric  generator  such  as  electrical,  mechanical,  and 
others.  The  one  most  generally  used  is  the  commercial  efficiency 
which  represents  the  ratio  of  the  useful  energy  or  output  to 
the  power  actually  absorbed  by  the  machine  in  being  driven. 
The  efficiency  of  a  generator  should  be  between  85  and  96  per 
cent  at  normal  load. 

Efficiency  op  Electric  Line 

**The  power  from  the  generator  is  conducted  to  the  lamps 
and  motors  using  it,  through  wires,  and  here  again  is  a  loss 
which  affects  the  combined  efficiency  of  the  power  plant.  The 
chief  losses  in  the  line  are  due  to  resistance  and  leakage.  The 
heat  loss  or  resistance  depends  on  the  diameter,  length,  and 
material  of  the  conductor,  and  the  leakage  is  due  to  improper 
or  poor  insulation,  especially  noticeable  in  high  tension  lines. 
The  usual  efficiency  for  a  conductor  in  lines  of  medium  length 
is  above  90  per  cent. 

Efficiency  op  Motors  or  Lamps 

**The  last  loss  and  drop  in  efficiency  is  brought  in  the  lamps 
or  motors  or  other  uses  the  power  may  be  put  to.  In  the  case 
of  motors  the  losses  are  the  same  as  those  of  the  generator  and 
the  efficiency  is  the  ratio  of  the  power  received  by  the  motor  in 
horse  power  to  the  actual  horse  power  delivered  by  it  to  a  line 
shaft  or  other  transmission.  Motor  efficiencies  vary  from  85 
to  95  per  cent  at  normal  load.  The  lamp  efficiencies  are  very 
low,  ranging  from  3  per  cent  for  incandescent  lamps  to  19  per 
cent  for  mercury  vapor  lamps.  The  excessive  losses  in  the 
lamps  are  due  to  the  heat  caused  by  the  extreme  resistance  neces- 
ssLvy  in  the  lamp." 

EFFICIENCIES  AT  VARIOUS  LOADS 

The  efficiencies  of  these  various  transformations  have  different 
values  for  different  loads,  and  as  the  selection  of  power  plant 
apparatus  depends  not  only  on  the  maximum  load  but  the  vari- 
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atious  of  load  which  occur  from  time  to  time,  or  the  so  called 
load  curve,  it  is  essential  that  the  designing  engineer  know  the 
efficiency  of  each  element  of  the  plant  under  these  different 
loads  in  order  that  these  elements  or  units  may  be  selected  of 
such  size  or  type  as  to  give  the  maximum  combined  efficiencies 
for  the  particular  conditions  of  service  in  order  to  obtain  a  solu- 
tion that  is  commercially  and  economically  correct.  Data  has 
been  gathered  from  various  sources  giving  the  efficiency  under 
different  loads  of  the  essential  parts  of  a  steam  power  plant 
enumerated  above,  and  this  data  is  indicated  graphically  in 
charts,  Figs.  1  to  9. 

Furnace  and  Boiler  Efficiency  at  Various  Loads 

*^In  gathering  information  on  boiler  efficiency,  Fig.  1,  it  was 
found  that  probably  the  most  valuable  work  on  this  subject  has 
been  done  by  Prof.  Breckenridge  in  a  series  of  tests  made  for 
the  United  States  Geographical  Survey  at  St.  Louis.  However, 
in  his  tests,  several  hundred  in  number,  the  efficiency  of  a 
boiler  was  found  for  varous  kinds  of  coal  at  normal  load  only. 
No  tests  were  made  for  efficiencies  under  various  loads.  The 
curve  used  herein  for  boiler  efficiency  from  no  load  to  50  per 
cent  overload  was  obtained  principally  from  a  number  of  tests 
made  at  a  large  Chicago  power  plant.  This  curve  shows  gradual 
increasing  efficiency  from.  100  to  150  per  cent  load.  In  re- 
plotting  the  curve,  values  below  normal  load  were  assumed  as 
near  actual  conditions  as  possible.  The  efficiency  in  this  case 
seems  rather  low,  but  this  can  be  accounted  for  by  the  fact  that 
the  power  output  at  this  plant  varies  considerably  and  cannot 
be  absolutely  regulated.  The  efficiency  curve  for  the  boiler  and 
furnace  was  plotted  from  the  following  data : 

Per  cent.  Load  Per  cent.  Efficiency 

0  00.0 

25  50.0 

50  53.3 

75  56.6 

100  60.0 

125  62.5 

150  0>.8 
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STEA2kl  PIPE  LINE  EFFICIENCIES  AT  VARIOUS  LOADS 

"Practical  infonnation  in  regard  to  steam  pipe  line  eflSciency, 
especially  where  superheated  steam  is  used,  is  lacking.  Otto 
Berner  of  Berlin,  Germany,  gives  some  valuable  information  on 
the  subject  in  regard  to  heat  losses.  He  experimented  with 
short  pipes  using  both  steam  and  hot  water  and  determined  heat 
looses.  From  his  results  a  formula  was  derived  for  heat  loss 
by  lising  a  combination  of  formulae  for  radiation  as  calculated 
by  DuLong  and  Petit,  and  Peclet.  However,  in  using  any  in- 
formation given  by  him  it  must  be  remembered  that  the  results 
were  taken  from  a  pipe  only  about  six  feet  long  and  superheated 
steam  was  not  used. 

**The  superheated  steam  pipe-line  at  the  Jos.  Schlitz  Brewing 
Company  of  Milwaukee,  designed  by  Mr.  J.  C.  White  for  D.  W. 
ilead,  Consulting  Engineer,  afforded  excellent  opportunities  for 
obtaining  information  on  superheated  steam  pipe-line  eflSciency. 
It  was  designed  to  carry  steam  at  120  pounds  gage  pressure 
and  250  degrees  superheat,  a  distance  of  about  1,170  feet  (Fig. 
2).  The  steam  is  used  for  operating  two  pumps,  a  De  Laval 
steam  turbine  with  centrifugal  pumps  of  six  million  gallons 
capacity,  and  an  Allis-Chalmers  cross  compound  heavy  duty 
pump  of  the  same  capacity  The  steam  is  taken  from  a  battery 
of  Babcock  aAd  Wilcox  boilers,  with  superheaters,  at  about  100 
degrees  superheat.  It  is  then  arranged  to  pass  through  a  Foster 
separately  fired  superheater  and  the  temperature  is  raised  to 
the  desired  degree  of  superheat.  The  pipe  line  which  was 
tested  starts  at  the  superheater  and  delivers  the  steam  to  a  small 
receiver  in  the  pumping  station.  The  pipe  is  so  connected  that 
steam  can  be  taken  either  through  the  superheater  or  directly 
from  the  boilers.  It  is  made  of  steel  pipe  four  inches  diameter 
and  1/4  ^iich  thick  with  welded  flanged  joints.  The  joints  were 
closed  by  means  of  special  steel  gaskets,  patented  by  Mr.  White, 
the  engineer  in  charge.  All  turns  in  the  pipe  were  made  by 
easy  bends  of  large  radius  so  as  to  avoid  any  extra  losses  due 
to  elbows.  There  were  two  bends,  one  of  51  degrees  and  one 
of  90  degrees.  The  entire  pipe  had  a  total  drop  in  elevation 
of  about  15  feet.     The  pipe  line  was  covered  with  2i/^  inch  85 
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per  cent  magnesia  covering  and  enclosed  in  a  concrete  tunnel 
3  feet  high  and  4  feet  wide.  A  manhole  was  situated  at  each 
bend. 

**The  main  object  of  testing  the  pipe  line  was  to  determine 
the  eflSciency,  the  pressure  loss  and  the  general  performance 
of  the  line.  The  heat  energy  at  several  points  along  the  line 
and  especially  at  the  ends  was  determined  by  taking  readings 
of  pressure  and  corresponding  temperatures  at  the  points. 
Throttling  calorimeters  were  used  at  the  ends  of  the  line,  but 
it  was  found  that  the  steam  was  superheated  in  all  cases  and 
the  calorimeters  weVe  not  necessary. 

**The  instruments  used  in  the  test  were  thermometers,  pres- 
sure gauges,  calorimeters  and  apparatus  for  weighing  the  con- 
densed water.  The  instruments  in  which  any  inaccuracy  was 
liable  to  be  present  were  carefully  calibrated  before  the  test. 
In  selecting  a  method  for  obtaining  the  temperature  of  the 
steam,  two  ways  presented  themselves.  The  first  was  to  use 
electric  pyrometers  with  a  common  connection  so  that  all  read- 
ings could  be  taken  simultaneously  at  some  common  point.  The 
second  was  to  use  a  high  reading  mercury  thermometer  with  a 
socket  at  each  point  of  reading.  Information  was  obtained  from 
the  Bureau  of  Standards  at  Washington  in  regard  to  the  first 
method  and  it  was  found  that  a  complicated  amount  of  calibra- 
tion for  the  pyrometers  and  waring  might  impair  the  accuracy 
of  the  readings.  It  was  decided  to  use  mercury  thermometers 
as  a  simple  and,  in  this  case,  probably  more  accurate  method  for 
taking  the  temperatures. 

''The  thermometers  were  made  l)y  Taglibue  and  read  from 
200*^  to  800°  F.  The  instruments  screwed  in  a  brass  cup  made 
especially  for  them,  which  was  threaded  into  the  steam  pipe 
and  extended  to  about  the  middle  of  the  pipe,  thus  giving  an 
accurate  reading  of  the  temperature  of  the  steam.  These  ther- 
mometers were  calibrated  with  apparatus  as  shown  in  Fig  3. 
The  standard  thermometer  was  one  which  had  recently  been  cali- 
brated at  the  Bureau  of  Standards  at  Washington,  and  for  which 
the  correction  was  known.  A  stem  connection  was  also  applied 
which  accounted  for  the  temperature  of  the  air  surrounding  the 
stem.    Both  thermometers,  the  standard  and  the  Taglibue,  were 
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immersed  in  an  oil  bath  and  various  readings  taken  up  to  550** 
F.  Above  this  melted  lead  was  used  as  high  as  700°  F.  Both 
thennometers  were  exposed  as  nearly  alike  as  possible  in  the 
melted  substance  so  an  exact  comparison  could  be  obtained. 
After  the  apparatus  had  been  set  up  and  a  full  set  of  readings 
taken,  the  amount  the  Taglibue  thermometer  was  in  error  was 
computed  for  approximately  every  40°  and  a  table  made  show- 
ing the  corrections  on  that  instrument.  The  standard  ther- 
mometer corrections  were  as  follows : 


Reading 

Correction* 

Reading 

Correction* 

0 

0.0 

250 

3.5 

100 

0.0 

300 

4.5 

150 

1,0 

445 

6.0 

200 

1.5 

The  stem  correction  formula,— 
0.00016  X  n  (T°  -  t°), 

Where : 

n=number  of  degrees  emergent  from  bath, 

T=temperature  of  the  bath, 

t=mean  temperature  of  emergent  stem. 

"The  pressure  gauges  were  all  calibrated  with  an  instrument 
which  consisted  of  a  small  cylinder  filled  with  oil  and  a  piston 
on  which  was  a  table.  The  gauge  was  connected  by  a  pipe  to 
the  cylinder.  To  obtain  a  given  pressure  on  gauge  a  given 
weight  was  placed  on  the  table  and  the  piston  caused  the  de- 
desired  pressure  in  the  cylinder  and  therefore  on  the  gauge. 
Knowing  the  diameter  of  piston  and  weight  upon  it,  the  exact 
pressure  on  gauge  was  determined. 

**The  instruments  for  the  test  were  placed  at  four  different 
points,  (Fig.  2).  At  the  boiler  house,  at  the  first  bend  (51°) 
406  feet  from  the  boiler  house,  at  the  second  bend  (90°),  640 
feet  from  51°  bend  and  at  the  pumping  station,  114  feet  from 
90°  bend.  Those  used  at  the  boiler  house  were  two  calorimeters, 
two  pressure  gauges,  two  thermometers  for  steam  pipe  and  one 
for  room  temperature.  A  thermometer,  pressure  gauge,  and 
calorimeter  were  placed  on  the  steam  pipe  before  entering  the 
J^nperheater  and  also  a  set  on  the  pipe  leaving  the  superheater. 
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In  this  way  the  work  done  by  superheater  could  be  exactly  de- 
termined. While  the  superheater  was  in  operation  the  coal 
used  and  the  ash  remaining  from  it  were  weighed.  At  the  51** 
bend  a  thermometer  and  pressure  gauge  were  tapped  into  the 
pipe  and  a  thermometer  was  also  used  to  obtain  the  tunnel  tem- 
perature. The  same  apparatus  was  used  at  the  90**  bend.  A 
pressure  gauge  and  thermometer  were  tapped  into  the  steam 
pipe  as  it  entered  the  pumping  station  and  just  ahead  of  the 
separator.  Suitable  apparatus  was  supplied  here  for  weighing 
all  water  from  trap  in  connection  with  separator  which  repre- 
sented the  entire  amount  of  water  discharged  from  the,  pipe 
line.  Similar  apparatus  was  also  applied  for  weighing  the  con- 
densed steam  from  condenser  in  connection  with  the  turbine. 

*'The  tests,  four  in  nujnber,  were  run  from  two  to  four  hours 
End  readings  were  taken  simultaneously  at  all  four  points  every 
fifteen  minutes.  Before  these  tests  one  was  made  to  determine 
the  condensation  in  the  line  at  no  load.  In  this  case  the  water 
in  the  trap  connected  before  the  receiver  at  the  pumping  sta- 
tion was  weighed  for  two  hours.  As  the  line  has  a  drop  through- 
out its  length  the  amount  of  condensation  was  accurately  meas- 
ured at  this  point.  The  first  two  tests  were  conducted  with  the 
steam  direct  from  the  boilers  without  flowing  through  the  sepa- 
rately fired  superheater.  In  these  tests  the  steam  passed  through 
the  superheaters  in  the  boilers  and  was  heated  to  about  100,* 
superheat.  All  tests  were  run  with  the  turbine  alone  in  opera- 
tion, its  output  being  varied  from  2.5  to  4.0  million  gallons. 

*'With  the  data  taken  it  was  possible  to  obtain  the  number 
of  B.  T.  U.  per  hour  contained  in  the  steam  passing  any  of  the 
four  points  where  instruments  were  used.  By  multiplying  the 
number  of  pounds  available  steam  passing  any  point  per  hour 
by  the  sum  of  the  total  heat  of  steam  at  that  pressure  and  the 
specific  heat  at  that  temperature  times  the  number  of  degrees 
superheated,  the  actual  number  of  B.  T.  IT.  delivered  by  the 
steam  past  this  point  per  hour  was  found.  This  value  of  B.  T. 
U.  was  found  at  all  four  points  and  the  drop  due  to  condensa- 
tion, friction,  and  radiation  was  found  for  each  length  of 
straight  pipe.  The  efficiency  of  the  entire  line  was  determined 
by  dividing  the  actual  number  of   B.  T.  U.    delivered   at   the 
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pumping  station  per  hour  by  the  actual  number  of  B.  T.  U.  de- 
livered to  pipe  at  the  boiler  house.  The  pressure  loss  was  also 
determined  for  the  line  from  pressure  readings  taken  at  the  four 
points. 

Formulae : 

B.  T.  r.  at  any  point=[H+e  (Ti— T)]  x  pounds  steam 

passing  per  hour, 
Where  H   =total  heat  of  saturated  steam, 
Tj  =temperature  of  the  steam, 
T    ^temperature  of  saturated  steam  at  that 

pressure, 
c  =speeific  heat  of  superheated  steam. 

**  Values  of  specific  heat  of  superheated  steam  were  taken  from 
an  article  in  Power  by  Prof.  Sydney  A.  Reeve,  and  a  curve 
plotted  for  99  lbs.  gauge  pressure  (Fig.  4).  As  all  pressure 
values  averaged  about  100  lbs.,  this  is  thought  justifiable  for 
lack  of  better  information  on  the  subject. 

TABLE  1. 
AvKRAGE  Data  of  Four  Tests. 

Degrees 
Reading  point  Temperature      Presnvre      Superheat    Specific  Ileq^t 

Entering  superheater 447 . 2  108  104 . «  .496 

Uaving  superheater 421.4  104.5  80.9  .510 

51°  Bend 382.1  IOC. 3  40.5  .538 

90OBend 3(53.8  101.2  25.5  .556 

Pumping,  Station 362.7  101.1  24.5  .558 

Condensed  steam  7085.2  lbs.     Total  per  hour  3603.6  Jbs. 
Condensation  in  pipe  122.0  lbs.     Barometer  14.5. 
Toial  7207.2  lbs.     Average  temperatura  of  tunnel  72  °  F. 
Calculations:— 
Available  B.  T.    U.,  at  any  point  equals  [H  +  c  (T^  — T)]  X  lbs.  sleam 

at  that  point. 
Available  B.  T.  U.  entering  superheater  4,459,237.8  per  hour. 
Available  B.  T.  IT.  leaving  superheater  4,421,980  per  hour. 
Available  B.  T.  U.  at  51°  bend  4,331,408.6  per  hour. 
Available  B.  T.  U.  at  W^  bend  4, 2M, 636. 6  per  hour. 
Available  B.  T.  U.  at  pumping  station  4,246,740  per  hour. 

Equivalent  horse  power  delivered  equals.  -^,-'  ,  ^ — 

ooOUU  X  "0 

equals  1,668. 
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B.  T.  U.  total  loss  in  pipe  equals  4421980  —  4246749  equals  175,228.5  per 
hour. 

122 

B.    T.    U.    condensation  loss   equals  —     (1185.5  +  .534  X  50)   equals 

73,932  per  hour. 

B.  T.  U.  radiation  and  friction  loss  equals  175,228.5  —  73,932  equals 
101,296.5  per  hour. 

4  246  749 
Total  efficiency  of  pipe  equals  ■  '       '     ^  equals  96.0  per  cent. 

Three  hour  test  (without  superheater). 

Total  ^fflciejicy  of  pipe  equals  99.52  per  cent. 
Four  hour  test  (with  superheater). 

Total  efficiency  of  pipe  equals  94.5  per  cent. 
Five  hour  test  (with  superheater). 

Total  efficiency  of  pipe  equals  95.51  per  cent. 

**The  results  of  the  test  on  the  superheated  pipe-line  (Table 
1)  were  very  satisfactory.  The  efficiency  seems  a  trifle  high 
for  a  line  of  this  length,  but  this  result  can  be  accounted  for  by 
the  unusually  good  construction  of  the  line.  The  tests  show 
that  a  moderate  degree  of  superheat  as  used  in  the  first  two 
tests  gave  the  best  results  since  the  radiation  and  friction  are 
not  large  and  the  condensation  is  moderate.  When  high  super- 
heat was  used,  the  condensation  was  reduced  to  a  minimum  and 
the  radiation  and  friction  became  extremely  large  giving  a  cor- 
respondingly greater  total  loss.  The  average  per  cent  drop  in 
pressure  of  the  steam  in  the  line  was  about  five  per  cent.  This 
factor  is  low  for  the  reason  that  the  pipe-line  was  designed  some- 
what larger  than  absolutely  necessary  and  the  drop  in  pressure 
iy  necessarily  reduced.  The  pressure  reading  of  the  steam  leav- 
ing the  superheater  is  low  due  to  a  sudden  turn  in  the  pipe  in- 
creasing the  velocity  and  decreasing  the  pressure  of  the  steam 
slightly.  The  average  total  loss  in  B.  T.  U.  of  the  four  tests 
is  about  194,000  B.  T.  U.  per  hour  or  about  162  B.  T.  U.  per 
square  foot  of  pipe  surface  per  hour.  The  average  drop  in 
superheat  for  the  first  two  tests  when  the  Foster  superheater  was 
not  used  was  about  57  degrees  or  about  one  degree  F.  for  every 
twenty  feet  length  of  pipe.  This  is  considerably  better  than  was 
estimated  in  the  design.  On  the  the  other  hand,  the  drop  in  de- 
gree superheat  in  the  last  two  runs  averaged  133  degrees,  show- 
ing a  loss  of  one  degree  for  every  nine  feet  length  of  pipe.  This 
value  is  about  what  was  expected  with  the  high  superheat. 
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'The  normal  load  on  the  pipe  line  was  determined  by  using 
a  velocity  of  steam  of  6,000  feet  per  minute  and  multiplying 
^y  the  area  of  the  pipe  in  square  feet.  This  value  gives  the 
amount  of  steam  delivered  by  the  pipe  in  cubic  feet  per  minute 
Mid  by  multiplying  by  60  and  dividing  by  3.5  (specific  volume 
of  steam  under  the  given  conditions)  the  number  of  pounds  of 
steam  passing  through  the  pipe  per  hour  is  determined : 

(5.000X  (4)' X.  7854X60       ^^^^ 

144  V  ^  «> ~  ^^  pounds  per  hour. 

Using  the  average  number  of  pounds  of  steam  used  in  the  four 
tests — 3,600  pounds  per  hour — and  knowing  the  average  effi- 
ciency, one  point  on  an  efficiency  curve  is  foimd.  Since  this 
point  gives  the  efficiency  at  40  per  cent  load  as  about  95  per 
i-ent,  the  efficiency  at  full  load  is  estimated  to  be  about  96  or 
^7  per  cent.  With  these  two  points,  an  approximate  curve  was 
drawn  showing  the  pipe-line  efficiency  for  various  loads  on  the 
pipe  (fig.  5).'' 

Efficiency  curves  of  this  kind  for  steam  pipe  lines  are  highly 
desired,  and  the  engineering  department  of  The  University  of 
Wisconsin  is  planning  to  conduct  other  experiments  on  steam 
pipe  lines  of  various  designs,  using  saturated  steam  in  order  to 
gather  other  data  from  which  to  construct  similar  curves.  The 
remarkable  results  given  above  show  that  it  is  possible  to  get 
^ery  economical  transmission  of  energy  by  means  of  properly 
designed  and  insulated  steam  pipes,  and  to  use  this  method  for 
transmitting  energy  for  considerable  distances. 

Steam  Engine  Efficiencies  at  Various  Loads. 

**The  engine  efficiency  curve  (Fig.  6)  was  calculated  from 
data  in  Meyer's  Steam  Power  Plants,  page  59,  curve  3.  In  this 
book  Mr.  Henry  C.  Meyer,  Jr.,  M.  E.,  shows  the  results  of  a  large 
number  of  engine  tests  for  different  types  of  engines  under 
various  loads.  His  results  are  shown  in  a  series  of  economy 
curves  giving  pounds  of  steam  consumed  by  the  engines  per  in- 
dicated horse  power  per  hour  under  loads  from  zero  to  50  per 
2  \97] 
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cent  overload.     The  curves  given  were  constructed  from  the 
economy  curves  by  the  following  formula: 

Kfficiencv  = 


Lbs.  steam  X  1200  X  778 


33000  X  «0 

The  following  table  shows  these  results  for  a  cross  compound 
Corliss  condensing  engine : 

Per  cent.  Lfoad                                                     Per  cent.  Effleieney 

0  00.00 

50  8.16 

75  9.24 

100  9.74 

125  9.44 

137.5  8.85 

"In  calculating  these  values  the  normal  load  was  taken  at  39 
pounds  mean  elTeetive  pressure  on  the  curve.     The  value  1200 
was  used'as  the  B.  T.  U.  per  pound  of  steam. 
778  =  foot  pounds  in  1  B.  T.  U. 

33000  =:  foot  pounds  per  minute  in  1  horse  power. 

Generator  Efficiencies  at  Various  Loads 

**S.  P.  Thompson  in  his  book  *  Dynamo  Electric  Machinery' 
gave  the  best  available  information  on  generator  eflSciency.  On 
page  657  he  shows  an  eflficiency  load  curve  for  a  550  Kilowatt, 
Oerlikon  Co.  generator  which  has  been  used  in  this  investiga- 
tion in  connection  with  the  other  curves  plotted.  This  curve 
(Fig.  7)  was  chosen  as  a  fair  average  for  generators  and  shows 
efficiencies  above  90  per  cent,  for  loads  from  150  K.  W.  to 
700  K.  W.  or  from  30  per  cent,  load  to  40  per  cent,  overload 
with  efBciencies  at  other  loads  as  indicated  below. 
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Efficiencies  of  Electric  Line  at  Various  Loads 

The  efficiency  of  an  electric  line  for  transmitting  energy  to 
some  distant  point  (Fig.  8)  will  necessarily  depend  on  the  de- 
sign of  that  line.  Li  this  comparison  such  a  line  was  assumed 
of  length  equal  to  the  steam  pipe  line  described  above  in  order 
to  make  further  comparisons  later.  ''The  case  assumed  is  for 
transmission  of  250  K.  W.  normal  load  at  550  volts  with  a  5 
per  cent,  drop  in  voltage  at  normal  load. 

.05  X  650  =  27.5  volts  drop  =  Rl. 

R  =  27.5/455  =  0.0605  ohms  resistance  in  line. 

R  =  10.8X2L/d«.     d«  =  iMX^gi???  =  429000. 

d  =  429000  =  655  mills  or  i  inch  cable. 
„^  .  Output        Input  —  Loss 

Loss=  1*R. 

,  1      , '      «        250  —  .0605  X  (455)  2/1000       ^^ 
For  normal  load,    eff.  = ^^  — —  =95  per  cent. 

**ln  this  manner  the  efficiency  at  any  load  can  be  found  since 
the  resistance  of  the  line  is  a  constant.  The  following  calcu- 
lated values  give  the  efficiency  for  various  loads: 
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Per  cent.  Load  Per  cent.  Efficiency 

0  100.00 

25  98.8 

50  97.5 

75  96.4 

100  95.0 

125  93.7 

150  92.6 

**The  efficiency  curve  for  a  motor  (Fig.  9)  closely  resembles 
that  for  a  generator.  The  motor  efficiency  is  a  trifle  lower  and 
in  the  curve  taken,  it  is  84  per  cent,  at  full  load.  The  curve 
used  is  taken  from  Franklin  and  Esty,  **  Direct  Current  Machin- 
ery," page  142,  for  a  compound  motor,  and  is  constructed  from 
the  following  data: 

Per  cent.  Load  Per  cent.  Efficiency 

0  00 

25  58 

50  77 

75  83.5 

87.5  "  84 

100  83.5 

125  80  '• 

TOTAL  EFFICIENCIES. 

A  total  efficiency  curve  may  be  calculated  by  combining  ef- 
ficiencies of  the  separate  curves  shown  together  in  Fig.  10.  In 
this  combination  an  equipment  consisting  of  boiler,  engine,  gener- 
ator, electric  line  and  motor  are  considered. 

Very  instructive  comparisons  may  be  made  from  the  data 
given  above  in  comparing  a  system  of  steam  transmission  with 
an  electric  system  for  transmitting  energy.  For  example,  the 
selection  of  a  steam  pipe  line  in  the  case  of  the  pumping  plant 
for  the  Schlitz  Brewing  Company  in  preference  to  an  electric 
system  is  amply  justified  by  drawing  a  combined  efficiency  curve 
for  the  steam  system,  assuming  a  separate  boiler  plant  with  a  pipe 
line  connecting  two  steam  driven  pumps  at  the  pumping  station, 
and  comparing  this  with  a  combined  efficiency  curve  for  a  plant 
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having  a  boiler,   engine  and  electric  generator  at  the  power 

plant  and  electric  transmission  from  there  to  the  station  and 

motor  driven  pumps  at  the  pumping  station.     This  comparison 

is  made  in  Pig.  11,  which  shows  remarkable  advantages  of  the 

steam  equipment  particularly  at  full  loads  and  loads  above. 

A  comparison  which  would  more  nearly  represent  the  actual 
conditions  of  the  problem  met  by  Messrs.  Mead  and  White 
would  be  to  assume  two  possible  installations,  one  an  electric  in- 
stallation taking  current  from  a  generator  and  transmitting 
through  a  line  to  a  motor.  Under  the  probable  conditions  the 
motor  load  would  be  only  part  of  the  generator  load,  and  if  it  is 
assumed  that  the  boiler  efficiency  under  the  various  loads  at  the 
pomp  station  remains  at  a  constant  quantity,  say  65  per  cent., 
(this  assumption  is  justified  because  of  the  large  steam  boiler 
plant  installed)  the  engine  efficiency  at  a  constant  quantity  of 
say  7  per  cent  and  a  generator  at  a  constant  efficiency  of  83 
per  cent,  while  the  efficiency  in  the  line  and  motor  will  vary  ac- 
cording to  charts  given  above,  the  total  efficiency  of  this  system 
would  be  as  indicated  in  Fig.  12.  This  is  to  be  compared  with 
a  steam  pump  of  high  economy  connected  by  a  steam  pipe  line 
to  this  boiler  plant  operating  at  a  constant  efficiency  of  65  per 
cent  and  giving  a  total  efficiency  as  indicated  in  Fig  12.  The 
difference  between  these  two  systems  is  seen  to  be  very  great 
due  to  the  fewer  changes  of  energy  required  and  to  the  high  pipe 
line  efficiency  possible.  The  comparisons  given  above  illustrate 
the  value  of  drawing  efficiency  curves  for  the  separate  elements 
of  a  power  plant  and  a  combined  efficiency  curve  in  order  that 
the  engineer  may  be  able  to  select  proper  apparatus  to  fit  the 
actual  conditions  of  his  problem. 
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LWESTIGATION  OF  HYDRAULIC  CURVE  RESISTANCE 


INTRODUCTION 


In  this  bulletin  are  presented  the  results  of  some  experiments 
made  in  the  Hydraulic  Laboratory  of  the  University  of  Wis- 
consin. These  experiments  were  made  with  the  purpose  in  view 
of  determining  the  relation  existing  between  hydraulic  curve  re-  ; 

sistance  and  the  length  of  the  radius  of  the  curve.  For  the 
purposes  of  comparison  there  are  also  included  in  this  bulletin 
a  discussion  of  some  experiments  made  with  the  same  purpose 
by  other  experimenters  working  in  other  laboratories.  The 
exx>eriment8  to  be  discussed  were  limited  to  pipes  of  circular 
cross-section  having  elbows  or  bends  with  central  angles  of  90 
degrees. 

Several  types  of  90  degree  elbows  are  suggested  by  the 
sketches  in  Fig.  1.  In  this  figure  (a)  and  (b)  represent  pipes 
having  cross-sections  of  uniform  size  and  shape  throughout  the 
torn,  such  as  drainage  fittings,  flanged  elbows,  bell  and  spigot 
pipe  fittings,  and  pipe  bends.  The  type  of  elbow  shown  in 
BHg.  1  (c)  is  now  seldom  used  where  large  quantities  of  liquid 
are  to  pass  through  the, pipe.  Fig.  1  (d)  represents  a  cast  iron 
screw  elbow,  and  Fig.  1  (e)  and  (f)  represent  cast  iron  screw 

tees  such  as  are  commonly  used  on  the  smaller  sizes  of  piping, 
Various  forms  of  commercial  fittings  used  in  these  experi- 

ments  are  shown  in  section  in  Figs.  2  to  7. 

The  Cause  op  Curve  Resistance 

Experiments  by  various  observers,  made  by  injecting  coloring 
matter  into  water  flowing  in  transparent  pipes,  have  shown  that 
the  particles  of  a  liquid  when  flowing  very  slowly  travel  in 
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PJffure  1.— Typ«*  of  Pipe  Elbows. 
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definite  parallel  paths  similar  to  the  lines  shown  in  Fig. 
1  (a).  At  velocities  as  great  as  exist  in  pipes  conducting  water 
under  usual  conditions  of  practice  the  particles  of  water  do  not 
move  in  parallel  paths,  but  have  a  sinuous  motion.  Such  mo- 
tion of  the  particles  is  irregular  and  causes  a  disturbed  condi- 
tion of  flow.    Nevertheless,  if  the  flow  is  in  a  straight  pipe  of 


Figure  2.— Malleable  Iron  Elbow. 


circular  cross-section,  the  maximum  axial  component  of  the  ve- 
locity is  at  the  center  and  the  minimum  at  the  sides  of  the  pipe, 
with  the  intermediate  velocities  symmetrically  distributed  about 
the  center-line,  as  illustrated  by  the  Pitot  tube  traverses  shown 
in  Pig.  8.  This  condition  of  flow  produces  less  loss  of  head 
than  does  any  other  arrangement  of  the  velocities. 
"When  the  fluid  is  made  to  pass  rapidly  through  a  curved  pipe 
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the  particles  at  the  center,  which  are  moving  with  the  highest 
velocities,  exert  a  greater  cenljrifugal  force  than  the  more 
slowly  moving  ones.  This  causes  a  rearrangement  of  the  rela- 
tive positions  of  the  moving  particles;  those  at  the  center  be- 
uig  projected  to  the  outside  of  the  curve  and  those  originally  on 
that  side  being  thereby  crowded  around  to  the  inside  of  the 


Figure  8.— Cast  Iron  Long  Turn  Drainage  Elbow. 

curve,  as  indicated  in  the  sketches  Fig.  1  (b)  and  (e).  When 
the  fluid  leaves  the  elbow  or  curved  pipe,  the  highest  velocities 
are  therefore  near  one  side  of  the  pipe  as  illustrated  by  the 
Pitot  tube  traverses  shown  in  Fig.  9.  Greater  difference  be- 
tween the  velocities  of  adjacent  particles  of  fluid  and  between  the 
fluid  and  the  pipe  exist  under  the  conditions  of  flow  shown  in 
Pig.  9  than  under  the  conditions  of  Fig.  8.     The  resistance  to 
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of  a  fluid  increases  as  the  relative  velocities  of  the  par- 
1  increase.     Hence  the  conditions  of  Pig.  9  are  accompanied 
by  a  greater  loss  of  head  than  are  the  normal  flow  conditions. 
If  the  velocity  of  flow  is  high  and  the  radius  of  curvature  of 
the  pipe  bend  is  short,  the  centrifugal  force  exerted  by  the  mov- 
ing column  of  fluid  is  sufficiently  great  to  cause  the  fluid  to  leave. 


Figure  4. — Oast  Iron  Drainage  Elbow. 


the  surface  of  the  pipe  at  the  inner  side  of  the  curve.  The  space 
between  the  pipe  wall  ahd  the  flowing  water  may  be  vacuous, 
but  generally  it  is  filled  vnth  water  moving  in  an  eddy.  This 
eddy  causes  a  loss  of  head  in  addition  to  that  already  mentioned 
as  caused  by  the  abnormal  arrangement  of  the  velocities. 

Commercial  pipe  fittings  of  the  types  in  most  common  use, 
such  as  screw  tees  and  screw  elbows,  are  of  larger  section  than, 
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the  pipes  which  they  connect.  Fluid  passing  through  them  is 
therefore  subjected  to  a  sudden  enlargement  of  section  at  en- 
trance and  a  sudden  contraction  of  section  on  leaving  them.  The 
eddies  produced  by  such  enlargements  and  contractions  cause 
losses  of  head  in  addition  to  the  other  losses  of  head  above  men- 


Figure  5.— Oast  Iron  Short  Turn  Elbow. 


tioned.     The  conditions  of  flow  in  fittings  of  these  types  are 
indicated  in  Fig.  1  (d),  (e)  and  (f). 


The  Measurement  of  Curve  Resistance 

Since  the  eddies  caused  by  bends  occur  partly  in  the  straight 
pipe  following  the  fitting  it  is  evident  that  the  entire  loss  of 
head  due  to  it  cannot  be  measured  by  piezometers  placed  at  the 
I)oints  of  tangency  of  the  curve.     The  piezometers  must  be  placed 
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beyond  the  region  of  disturbed  flow  in  order  to  include  all  curve 
losses.  Owing  to  the  fact  that  a  number  of  investigators  have 
failed  to  appreciate  tliis  point,  a  considerable  part  of  their  ex- 
periments have  little  value.  It  is  not  known  just  how  far  down 
stream  from  the  curve  it  is  necessary  to  place  the  piezometer  to 


Figure  6.— Cast  Iron  Long  Sweep  Elbow 

include  all  the  loss  due  to  the  distorted  arrangement  of  the  ve- 
locities. 

As  a  result  of  the  Detroit  experiments  Williams,  Hubbel  and 
Fenkell  concluded  that  the  distortion  of  the  velocity  curves 
caused  by  a  10  ft.  radius  curve  in  a  30  in.  diameter  pipe  did 
not  extend  295  diameters  except  at  very  low  velocities,  and  that 
it  was  doubtful  if  that  caused  by  a  6  ft.  radius  curve  in  a  30 
in.  diameter  pipe  was  apparent  95  diameters  down  stream. 
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From  the  Cornell  experiments  of  1907  Schoder  concluded' 
that  at  76  diameters  downstrewi  fepm  a  screw  elbow  normal 
jflow  existed  in  a  6  in.  pipe. 

In  order  to  be  satisfied  that  all  of  the  loss  properly  charge- 
able to  the  curve  was  being  measured  in  the  Wisconsin  experi-  - 


Figure  7.-^ast  Iron  Tee. 


ments,  piezometers,  designated  C,  D  and  E,  were  placed  at  points  : 
1  foot,  7  feet,  and  17  feet,  or  5.82,  40.7  and  98.9  diameters, 
downstream  from  the  turn,  and  the  excess  loss  due  to  the  ed- 
dies caused  by  the  curve  was  measured  in  each  section. 

Pigs.  10  and  11  are  based  on  these  measurements.  In  Fig. 
10,  which  is  plotted  on  logarithmic  cross-section  paper,  the  ab- 
scissas are  the  mean  velocities  and  the  ordinates  are  the  quot- 
ients obtained  by  dividing  the  total  loss  of  head  between  piezom-  ^ 

[126] 

Digitized  by  VjOOQ IC 


DAVIS-INVESTIQATION  OF  HTDRAULIO  CUBVB  BIS8I8TANOE 


18 


^^OC-adW  JO  JdjduxvfQ 


[127] 


Digiti 


ized  by  Google 


14 


BULLETIN  OP  THE   UNIVEBSITT   OP   WISCONSIN 


3    Sp 


[128] 


Digiti 


ized  by  Google 


DAYIS-INYESTIGATION  OF  HTDSAULIO  OUBVS  BBSI8TAN0B  15 

eters  C  and  D  by  the  distance  between  piezometers.  The  solid 
line  represents  the  average  of  the  points  for  the  normal  straight 
pipe  friction  per  foot  of  pipe,  and  the  dash  line  represents  the 
average  of  the  points  determined  for  loss  per  foot  in  this  sec- 
tion when  the  flow  was  disturbed  by  a  tee  with  the  water  leav- 
ing through  the  branch.  The  squares  indicate  the  loss  when  the 
water  was  entering  the  tee  through  the  branch.  The  difference 
between  the  ordinates  of  the  two  lines,  at  any  velocity,  is  the  av- 
erage loss  per  foot  of  pipe  between  C  and  D,  caused  by  the  distor- 
tion of  the  velocity  curves  or  by  the  eddies  due  to  the  tee.  Thia 
loss  is  in  addition  to  the  normal  pipe  friction  loss.  At  a  velocity 
of  10  feet  per  second  the  vertical  intercept  between  the  two  lines 
in  Pig.  10  shows  that  the  average  excess  loss  of  head,  between  C 
and  D,  due  to  the  tee,  was  about  0.02  foot  per  foot  of  pipe.  In 
a  similar  manner  the  loss  of  head  per  foot  of  pipe  between  pie- 
zometers B  and  C  was  plotted  and  the  normal  pipe  friction  in 
the  2  feet  of  straight  pipe  between  these  piezometers  was  de- 
ducted from  it.  At  a  velocity  of  10  feet  per  second  the  loss  be- 
tween B  and  C  due  to  the  tee  was  2.34  feet.  Piezometer  C 
was  located  1  foot  down  stream  from  the  elbow.  The  average  ^. 
length  of  path  of  the  particles  of  water  passing  through  the  tee  " ) 
was  estimated  to  be  0.2  foot.  The  total  excess  loss  between  B 
and  C  occurred  after  the  water  entered  the  tee  and  was  there- 
fore distributed  over  1.2  feet  length.  The  average  loss  of  head 
per  foot  of  pipe  between  the  entrance  to  the  tee  and  piezometer 
C.jiue..to  the  tee  was  therefore  1.95  feet.  Between  piezometers 
D  and  E  no  measurable  excess  loss  of  head  occurred. 

The  excess  losses  of  head  due  to  a  velocity  of  ten  feet  per 
second  in  the  tee  are  shown  graphically  in  Fig.  11.  The  rectan- 
gular areas  in  this  figure  represent  to  scale  the  total  excess  loss 
between  the  piezometers,  and  the  altitude  of  the  rectangles  rep- 
resent the  average  excess  loss  of  head  per  foot  of  pipe.  Al- 
though the  shaded  areas  represent  the  total  loss  accurately  they 
do  not  show  the  true  distribution  of  the  losses  along  the  pipe. 

As  soon  B8  the  fluid  enters  the  tee  eddies  are  set  up  due  to  the 
enlargement  of  section ;  as  it  passes  on  through  the  tee  the  vio- 
lence of  the  eddies  is  greatly  increased  by  the  sudden  change 
of  direction  of  flow.  It  is  probable  that  the  greatest  violence 
of  eddy  motion  occurs  in  the  tee  and  consequently  that  the 
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Figure  10.— Logarithmic  Plotting  of  Loss  of  Head  due  to  a  Tee. 


[130] 


Digiti 


ized  by  Google 


DAVIS— INYESnaATION  07  HTDRAUUO  OUBVE  BE6ISTAN0E 


17 


greatest  rate  of  loss  of  head  occurs  there  also.  As  the  water 
leaves  the  tee  and  enters  the  pipe  sudden  contraction  maintains 
the  violent  eddy  motion  for  a  short  distance,  after  which  the 
fluid  gradually  assumes  its  normal  condition  of  flow.  Assum- 
ing that  the  loss  of  head  per  foot  of  pipe  is  proportional  to  the 
violence  of  the  eddies  in  the  pipe  it  seems  probable  that  the  loss 
of  head  per  unit  length  of  pipe  varies  approximately  as  the  or- 
dinates  to  the  curved  line  in  Fig.  11.  The  total  area  under  this 
curved  line  is  equal  to  the  areas  of  the  rectangles,  hence  the 
total  excess  loss,  due  to  the  tee,  occurring  between  the  various 


Lcnqtn  of   Straifht   Rpa.    pipe  ^iomtttrs 
KM  idd  aod 


uOM  e*  Head  ium  >o  ^tm 


.— mstrlbution  of  Losses  In  a  Tee  and  the  PoUowln;  Straight  Pipe 


piezometers  is  represented  by  the  curved  line  as  well  as  by  the 
rectangles.  If  the  curved  line  is  even  approximately  correct 
it  se^ns  reasonable  to  assume  that  the  effect  of  the  tee  did  not 
cause  any  measurable  loss  of  head  beyond  20  diameters  down 
stream  from  the  tee,  and  therefore  that  the  entire  loss  due  to 
the  dbows  was  measured  in  the  Wisconsin  experiments. 

In  making  this  study  the  results  of  the  experiments  on  the  tee 
were  used  because  the  tee  caused  a  greater  loss  than  any  of 
the  other  elbows  used  and  also  because  the  loss  due  to  the  tee 
was  apparent  further  down  stream  than  was  that  from  any  other 
elbow. 
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Study  of  Cubve  Resistance 

The  results  of  experiments  on  curve  resistance,  may  be  consid- 
ered in  many  ways,  only  two  of  which  will  be  discussed  in 
this  bulletin. 

Case  1.  The  curve  resistance  may  be  considered  to  be  the 
difference  in  the  loss  of  head  occurring  in  a  straight  pipe  and 
a  similar  pipe  curved  through  an  angle  of  90  degrees;  all  other 
conditions  of  center-line  length,  diameter,  shape  of  cross-section, 
roughness  of  inner  surface,  velocity  of  flow,  etc.  being  the  same 
in  the  two  pipes.  These  net  losses  being  due  to  the  effects  of 
curvature  alone,  it  is  probable  that  they  are  practically  the 
same  for  old  and  new  pipe. 

Cc^e  2,  The  curve  resistance  may  be  considered  to  be  the 
total  loss  of  head  due  to  an  elbow  or  curve.  The  magnitude  of 
the  loss  determined  on  this  basis  for  a  given  velocity  will  differ 
from  that  determined  on  the  basis  of  Case  1  by  the  amount  of 
the  normal  friction  loss  in  a  straight  pipe  of  length  equal  to  the 
center-line  length  of  the  elbow.  Since  the  total  loss  includes 
that  caused  by  the  roughness  of  the  inner  surface  of  the  pipe,  it 
will  not  be  constant,  but  will  vary  with  the  roughness  of  the 
pipe,  which  varies  with  the  age  of  the  pipe. 

The  curve  resistance  determined  on  the  basis  of  either  of 
the  two  above  cases  may  be  expressed  in  the  following  ways. 

(a)  The  loss  of  head  for  the  entire  90®  turn,  either  net 
(Case  1)  or  total  (Case  2),  expressed  in  linear  units,  as  feet, 
inches  or  meters.  Sometimes  the  curve  resistance  is  expressed 
as  the  loss  of  pressure  instead  of  the  loss  of  head. 

(b)  The  loss  of  head,  or  of  pressure,  per  unit  length  of 
pipe.  The  unit  of  length  generally  chosen  has  been  the  foot. 
Such  a  unit  of  fixed  length  is  convenient  for  studying  the  rela- 

•tive  losses  in  bends  of  different  radii  in  a  given  size  of  pipe, 
but  for  more  general  use  in  studying  the  losses  due  to  curves  in 
different  sized  pipes,  it  is  more  instructive  to  use  as  a  unit  the 
radius  of  curvature  expressed  in  pipe  diameters. 

(c)  The  loss  of  head  or  pressure  equal  to  that  caused  by  a 
given  length  of  straight  pipe. 

(d)  The  loss  of  head  expressed  in  terms  of  the  velocity  head. 
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UNIVERSITY  OP  WISCONSIN  EXPERIMENTS 

Experiments  on  two-inch  elbows  and  bends  were  made  in  the 
Hydraulic  Laboratory  of  the  University  of  Wisconsin  by  stu- 
dents working  under  the  direction  of  the  writer. 

The  first  of  these  series  of  experiments  were  made  by  H.  Hos- 
ier, C.  M.  Kehr  and  R.  K.  McComb  during  the  spring  of  1908, 
and  their  results  were  embodied  in  an  unpublished  thesis  pre- 
sented for  the  degree  of  Bachelor  of  Science  in  Engineering. 
Their  work  included  the  tests  of  the  elbows  numbered  1,  2,  3,  4, 
5  and  6  in  Table  1  and  Figs.  2,  3,  4,  5,  6,  7  and  12.  The  test 
of  number  6,  which  is  a  cast  iron  tee,  was  made  with  the  water 
leaving  by  the  branch  of  the  tee.  The  results  obtained  in  the 
spring  of  1908  with  elbow  number  5  were  not  satisfactory  and 
are  therefore  not  presented  in  this  bulletin. 

During  the  summer  of  1908  the  work  was  continued  by  A.  F. 
Coleman,  C.  M.  Kehr  and  B.  M.  Reynolds.  They  repeated  the 
work  on  elbow  number  5  with  satisfactory  results,  tested  the  tee 
with  the  direction  of  flow  reversed,  the  water  entering  the  branch 
of  the  tee,  and  experimented  with  curves  numbered  7,  8  and  9. 

Purther  work  was  done  during  the  school  year  of  1908  and 
1909  by  P.  W.  Greve,  Jr.  and  P.  M.  Graham  on  long  radius 
bends,  numbered  10,  11  and  12  in  Table  I.  In  August,  1909, 
the  writer  made  a  number  of  runs  to  determine  the  amount  of 
the  change  that  had  occurred  in  the  pipe  friction  in  two  sec- 
tions of  straight  pipe  and  also  some  runs  to  check  the  losses 
in  curve  12. 

Description  of  Appabatus 

All  the  curves  experimented  on  made  a  turn  of  90^  and  all 
were  left  uncoated.  Numbers  1  to  6,  inclusive  were  commer- 
cial fittings  purchased  from  the  Crane  Company.  Number  7 
was  cast  from  a  pattern  made  in  the  shop  of  the  mechanician  of 
The  Engineering  College.  It  was  similar  to  numbers  2  and  3, 
the  only  difference  being  in  the  longer  radius  of  curvature. 
Numbers  8,  9,  10, 11  and  12  were  bent  from  2  inch  pipe  by  the 
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UniversHy  blacksmith.    For  convenience  in  bending  and  thread- 
ing the  aids  of  the  bent  pipes  they  were  made  a  foot  longer  than 
the  90°  arc.     The  latter  fiv^  were  fitted  with  companion  flanges 
screwed  on  as  in  ordinary  practice.     The  joint,  therefore,  was 
not  flush,  but  caused  a  slight  enlargement  of  section  for  a  frac- 
tion of  an  inch.     Referring  to  Table  1  and  the  views  of  the 
curves  it  may  be  seen  that  curves  2,  3,  7,  8,  9  and  10  had  actual 
internal  diameters  of  2^  inches.     They,  and  curves  11  and  12, 
were  equal  in  diameter,  at  the  joint,  to  the  pipes  with  which 
they  connected,  while  curves  1,  4  and  5  and  the  tee  were  of 
larger  diameter  than  the  pipe.     The  diameters  of  the  cast  and 

TABLE  1 
Descbiption  op  Curvbs 


1 


1  Inter- 

No.  of  Ulamv- 

curve   xjer  in 

inches 


3 
4 

5 
6 

7 
8 

9 

10 

n 

12 


2% 

2V,fl 
2%a 


1 


2M« 

2M6 

2^6 
2.06 
2.08 
2.01 


3. 

4. 

5. 

6. 

Radius 
in 

inches. 
R. 

Radius 

in 

feet. 

R* 
dp 

Length, 
feet. 

1% 

.135 

.788 

.21 

2^^ 

.198 

1.15 

.31 

\^/2 

.125 

.728 

.20 

iy» 

.125 

.728 

.20 

3^ 

.260 

1.52 

.41 

0 

0 

0 

0 

5%a 

.430 

2.5 

.68 

10%6 

.861 

5.0 

1.35 

20% 

1.720 

10.0 

2.71 

31 

2.580 

15.0 

4.06 

42^ 

3.540 

20.6 

5.56 

85 

7.080 

41.2 

11.12 

Material. 


Malleable  iron 

Cast  iron 

Cast  iron 

Cast  iron 

Cast  iron 

CCastiron 

Cast  iron 

Wrouirht    iron   or 
steel   

Wroufirht   iron    or 
steel 

Wrouarht   iron    or 
steel 

Wrought   iron    or 
steel 

Wrouarht   iron    or 
steel. 


Description. 


Elftow. 

Lone  turn,  drain- 
age elbow. 

Draina«re  elbow. 

Short  turn. 

Lonff  sweep. 

Tee. 

Special  castinir. 

Bent  pipe. 

Bent  pipe. 

Bent  pipe. 

Bent  pipe. 

Bent  pipe. 


*^  =  Ratio  of  radius  of  cnrre  to  diameter  of  straight  pipe,     dp  =  2Vi6  Inches. 

malleable  iron  elbows  and  tees  were  determined,  after  the  comple- 
tion of  the  experiments,  by  cutting  them,  as  shown  in  the  figures, 
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and  tiien  calipering  fhem.  In  fhe  case  of  the  bent  pipe  ciunreB 
the  mean  diameter  was  found  by  volumetric  measurements.  A 
cap  was  screwed  on  one  end  and  the  curved  pipe  was  filled  with 
water.  From  the  weight  of  water  contained  by  the  pipe,  deduct- 
ing the  contents  of  the  cap,  the  mean  diameter  was  readily 
computed.  The  results  of  two  measurements  for  curve  number 
12  are  given  in  Table  2.  The  diameter  of  this  pipe  was  deter- 
mined both  before  and  after  bending.  A  comparison  of  the 
two  results  indicated  that  the  mean  diameter  was  decreased  one 
per  cent  by  bending. 

TABLE  2 

The  UNIVEB8ITY  OF  Wisconsin,  Hydraulic  Labobatoby 
Experiment  on  Determination  of  diameter  of  curve  No.  12, 
Data  by  Greve  and  Graham.    Ck>mputed  by  Davis. 
Date  of  experiment.  May  20, 1909. 
General  data.  Cubical  contents  of  cap=2.74  cubic  inches. 


Length  of 

curved  pipe. 

in  inches. 

Weight  of 
water  con- 
tained in  pipe 
and  cap,  in 
ounces. 

Volume  of 
water  in  pipe 

and  cap.  in 
cubic  Inches. 

Net  contents 

of  pipe,  in 

cubic  inches. 

Mean  area  of 

section,  in 

square  inches. 

Mean 

diameter,  in 

inches. 

133.5 

245.5 
246.5 

* 

246 

425 

422.29 

3.16 

2.006 

A  general  plan  of  the  apparatus  is  shown  in  Fig.  13. 

The  water  used  in  the  experiments  was  drawn  from  the  Uni- 
versity mains  through  a  two-inch  pipe;  the  rate  of  flow  being 
controlled  by  a  gate  valve  placed  a  few  inches  from  the  entry  to 
a  drum.  The  purpose  of  this  drum,  which  was  8  inches  in  di- 
ameter and  4  feet  long,  was  to  free  the  water  from  the  violent 
eddies  caused  by  the  gate  valve  and  other  fittings  in  the  supply 
pipe.  While  testing  the  two  straight  pipes  for  friction  loss  it 
was  concluded,  from  the  violent  oscilations  of  the  fluid  in  the 
gages,  that  the  drum  was  not  satisfactorily  serving  its  pur- 
pose. Therefore,  two  baffles  were  placed  in  the  drum  in  about 
the  position  shown  in  the  figure.  They  were  made  of  wood  one 
inch  thick,  each  containing  36  %  inch  holes.  The  baffles  were 
spaced  about  2  inches  apart  and  so  arranged  that  the  holes  in 
one  were  opposite  solid  spaces  in  the  other.    After  the  instal- 
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lation  of  these  baffles  the  flow  was  much  steadier.  The  water 
left  the  drum  and  entered  the  pipe  through  a  bell-mouth  or 
rounded  entrance. 

The  straight  pipes,  which  were  new  at  the  beginning  of  the  ex- 
periments, were  made  of  iron  or  steel  with  lap-welded  longi- 
tudinal joints.  The  nominal  size  of  the  pipes  was  2  inches,  but 
the  actual  internal  diameter,  as  determined  by  calipering  the 
«ids  was,  ajs  above  noted,  2^^  inches.  The  two  lengths  of 
pipe  immediately  above  and  below  the  curve  are  designated  in 


L-i'ol^j-i lo'o^^ — »j« 1 J  L 40'^ 4      -— 


To  Gauge  L''     .  ,^ 

Rounded  Entraoce 


<&  Tu  Oaui 


DETAIL  OP 
PIEZOMETER  RINGS 


j  To  Calibrated  TanTc 

Figure  18.— General  Plan  of  the  Apparatus  Used  In  the  Wisconsin  Experiments. 


the  tables  and  illustrations  as  pipes  number  1  and  2.  Pipe  num- 
ber  1  was  always  placed  down  stream  and  pipe  numbor  2  up 
stream  from  the  curve,  as  shown  in  Pig.  13.  Pipe  number  1  was 
provided  with  three  piezometers  spaced  1,  7  and  17  feet  respec- 
tively from  its  upstream  end.  Pipe  number  2  was  provided  with 
two  piezometers  spaced  1  and  11  feet  respectively  from  its  down- 
stream end.  The  five  piezometers  are  designated  A,  B,  C,  D  and 
E,  beginning  with  the  one  on  pipe  number  2  farthest  up- 
stream. During  the  first  series  of  experiments  the  distance  *'V* 
between  the  drum  and  piezometer  A  was  only  9  feet.  This  dis- 
tance was  changed  during  the  following  experiments  to  62  feet 
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by  inserting  several  lengths  of  pipe.    The  pipe  joints  in  this 
length  **r'  were  made  with  couplings. 

There  was  a  gate  valve  at  the  down-stream  end  of  the  pipe 
the  purpose  of  which  was  to  enable  sufficient  pressure  to  be  put 
on  the  apparatus  to  effectively  flush  out  the  gages,  piezometers 
and  connecting  tubes. 

The  pipes  were  used  full  length,  as  received  from  the  maker. 
The  nipples  shown  in  Figs.  ^  to  7  inclusive  were  not  used  in 
the  experiment,  but  were  inserted  afterwards  to  show  the  exact 
distance  that  the  pipes  were  introduced  into  the  fittings.  There 
was  no  bur  on  the  ends  of  the  pipes  used  in  the  experiment. 

The  piezometers  consisted  of  four  i^  i^^ch  holes  drilled  through 
the  pipe  walls,  90^  apart,  and  communicating  with  an  equaliz- 
ing chamber  intended  to  average  the  pressure  in  case  any  dif- 
ference existed  at  the  different  points  on  the  circumference  of 
the  pipe,  and  also  to  act  as  a  reservoir  to  trap  all  air  bubbles 
passing  through  the  piezometer  openings.  A  cross^section  of 
one  of  the  piezometers  is  shown  in  Pig.  13.  The  piezometers 
were  connected  to  the  gages  by  i/4  inch  iron  pipes.  No  at- 
tempt was  made  to  have  these  pipes  leading  to  the  various  pie- 
zometers of  equal  length  or  capacity. 

Fluid  differential  gages,  containing  air  as  the  gage  fluid, 
were  used  to  measure  the  loss  of  head.  A  drawing  of  one  of 
the  gages  is  shown  in  Fig.  14.  The  gage  scales  were  gradu- 
ated to  read  in  feet,  tenths  and  hundredths. 

During  the  first  two  sets  of  experiments  the  quantity  of 
water  discharged  was  measured  in  a  cylindrical,  galvanized  iron 
tank,  of  50  cubic  feet  capacity,  on  which  a  scale  had  previously 
been  calibrated  to  give  readings  to  %  cubic  foot.  During  the^/ 
third  set  of  experiments  the  quantity  of  water  discharged  was 
determined  by  weighing  it  on  platform  scales. 

The  duration  of  runs  was  determined  by  stop-watches  regu-  ^ 
lated  to  keep  practically  correct  time. 


[138] 

tized  by  Google 


Digitiz 


DAVIS— INVESTIGATION  OF  HTDBAULIO  CDBVE  BE8ISTAN0B  25 


Figure  14.— Details  of  Fluid  Differential  Gage. 


Method  op  Experimentation 


The  friction  loss  in  the  straight  pipe  included  between  piezom- 
eters A  and  B,  and  C  and  E,  was  determined  a  number  of 
times  during  the  series  of  experiments.  Each  pipe  was  tested  / 
separately.  During  the  first  series  the  determination  was  made 
by  screwing  the  pipes  directly  into  the  drum.  With  this  ar« 
rangement  piezometer  A  was  9  feet  from  the  drum  and  with 
pipe  number  1  piezometer  E  was  three  feet  from  the  drum. 
During  the  later  series  several  lengths  of  straight  pipe  inter- 
vened between  the  drum  and  the  pipe  experimented  upon  as- 
in  the  case  witli  the  elbows. 

After  determining  the  friction  loss  in  the  straight  pipe^ 
they  were  connected  to  the  curves  as  shown  in  Pig.  13.  Dur- 
ing the  first  two  series  of  experiments  on  curves  and  elbows 
three  gages  were  used  to  measure  separately  the  loss  of  head 
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between  piezometers  B  and  C,  C  and  D,  and  D  and  E,  but 
during  the  last  series  only  one  gage  was  used,  connected  be- 
tween piezometers  B  and  E. 

The  gage  readings  were  recorded  to  thousandths  of  a  foot,  but 
owing  to  the  oscillations  of  the  water  columns  the  last  figure 
is  only  approximate  as  the  gage  height  for  any  reading  was 
merely  estimated  by  eye  during  a  few  oscillations.  During  the 
first  series  of  observations  the  recorded  readings  are  the  esti- 
mated average  lower  range  of  the  oscillating  water  surface. 
The  writer  was  not  aware  that  this  method  of  reading  the  gage 
was  being  used  until  the  first  series  of  experiments  was  nearly 
completed.  This  method  of  reading  a  differential  gage  would 
give  correct  differences  of  head  provided  the  range  of  the  oscil- 

TABLE  3 


The  rNivERsiTY  or  Wisconsin,  Hydraulic  Laboratory 

Experiment  on  Friction  In  straight  pipe  No.  1, 

Data  by  F.  W.  Greve.  Jr.  and  C.  Ci.  Burrltt.    Computed  by  F.  W.  G..  Jr. 

Date  of  expert  nent.  Nov.  23.  1908. 

General  data.  Nominal  diameter  =  2  Inches. 

Actual  diameter  —  2Vi6  Inche.s. 

Actual  area  =  0.0232  square  feet. 


o 

§ 

Gage  Readings. 

Run 
No. 

10  length. 

6'  length. 

Initial. 

4000 

NtU. 

111    ll 

.0790        3.40 

Rijfht. 

Left. 

Rijrht. 

Left. 

15 

1000 

3000 

10  m-8  s 

1.7<»ft 
1 .  7lXV 
1  7M 
1  .d!6 
I  .\m 
LOl+7 
l.m* 
1,099 
1  ilHl 

1.450 

1.447 
1.44B 

\Am 

1.458 
1.4M 

1,79& 

1.80S 
t.SO& 

1.84J7 
I. BOO 

1  .S^M 

l.6d6 

' 

l.6t)d 

l.dBT 

1 

Kfl6& 

].tii0& 

1.664 

1 

1  Aw 

15.299 

13.128* 
2.171 

16.220 


14.985 

1.235 



i 

1 

.241 

.137 
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TABLE  4 


The  Univbbsity  of  Wisconsin,  HYDRAuiiio  Laboratobt 

Experiment  on  Curve  No.  9. 

DaU  by  A.  P.  Coleman,  C.  M.  Kehr,  and  B.  S.  Reynolds. 

Date  of  experiment,  July  8, 1906. 

General  data  "jj-  =  10.    Length  of  curve,  2.71  ft.    Distance  between  piezometers: 

B— C=5.  71  ft.    Area  of  cross-section  of  plDe=0.0232  sq.  ft. 


Time  in 
sec- 

Gage, B— C, 

IN  Feet. 

Gaoe,  C—D, 
IN  Feet. 

Gage.  D— E. 
IN  Feet. 

Total 
loss  of 

head. 
B-Eln 

feet. 

Total 
dis- 
charge 
In  cu. 
feet. 

Veloc- 
ity in 
feet  per 
second. 

onds. 

Uiffht. 

Left, 

Ri^ht 

Left. 

Right. 

Left. 

904 

2.515 
2.509 
2.514 
2.513 
2.512 
2.517 
2.517 
2.517 
2.511 
2.513 

2.468 
2.466 
2.464 
2.461 
2.466 
2.470 
2.470 
2.470 
2.458 
2.460 

2.528 
2.535 
2.535 
2.534 
2.540 
2.540 
2.537 
2.532 
2.532 
2.535 

2.485 
2.500 
2.495 
2.492 
2.500 
^.502 
2.49r 
2.495 
2.495 
2.498 

1.656 
1.658 
1.668 
1.658 
1.657 
1.658 
1.658 
1.657 
1.657 
1.657 

1.589 
1.590 
1.590 
1.590 
1.589 
1.590 
1.590 
1.589 
1.589 
1.589 

.155 

35 

1.67 

25.138 
10>' 

24.656 
.483 

25.348 

lo; 

24.959 
.389 

16.574 

lo; 

15.895 
.679 

.0483 

.0389 

.0679 



lations  in  the  tubes  of  the  gage  were  the  same.  They  were  not 
the  same  in  this  experiment  on  account  of  the  tubes  leading 
from  the  piezometer  to  the  gages  being  of  different  length.  A 
Blight  error  of  a  few  thousandths  of  a  foot  was,  therefore,  in- 
troduced into  the  work  by  the  method  of  reading,  but  it  af- 
fects only  the  results  for  the  short  radius'  curves,  which  pro- 
duce large  losses  of  head.  Hence,  the  general  results  are  not 
much  affected.  In  the  later  experiments  the  average  height 
of  the  water  surface  in  the  gage  tubes  was  read. 

In  Tables  3  and  4  are  presented  samples  of  data  taken  on 
one  of  the  straight  pipes  and  with  one  of  the  curves. 

The  computed  results  of  the  observations  are  presented  in 
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TABLE  5 

Thb  Uniybbsxtt  or  WisooireiK,  Htdrauijo  Laboratory 

Experiment  on  Friction  loss  in  straiffht  pipe. 
General  data.  Length  of  section  A  —  B  =  10  feet. 

Length  of  section  O  —  D  =  6  feet. 

Length  of  section  D  —  E  =  10  feet.    Wooden  baffles  put  in  before* 
Mar.  12, 1906.    DlrecUon  of  flow  on  Mar.  30,  ItfOS.  was  E  to  O. 

Pipe  No.  1 


Date 

Loss  or  Hbad  in  Fsbt. 

Mean  yeloclty, 

in  feet  per 

second. 

Loss  or  Hbad  Pbb  Foot  or 

1006. 

SecUon  O-D. 

SecUon  D— E. 

Section  C-D. 

Section  D— E. 

Feb.    29 

0.570 

0.9S0 

7.24 

0.0050 

0.0930 

0.585 

0.973 

7.30 

0.0975 

0.0973 

0.586 

0.960 

7.33 

0.0976 

0.0960 

0.506 

0.909 

7.33 

0.0095 

0.0969 

0.600 

0.948 

7.32 

0.1000 

0.0948 

0.605 

0.972 

7.43 

0.1010 

0.0072 

1.045 

1.629 

9.88 

0.1740 

0.1630 

1.030 

1.640 

9.90 

0.1720 

0.1640 

1.021 

1.682 

9.83 

0.1700 

0.1630 

1.013 

1.626 

9.88 

0.1690 

0.1680 

1.067 

1.615 

10.02 

0.1780 

0.1620- 

1.063 

1.649 

16.01 

o.ino 

0.1650- 

1.366 

2.201 

11.50 

0.2280 

0.2200- 

1.417 

2.206 

11.60 

0.2360 

0.2210 

1.432 

2.212 

11.00 

0.2380 

0.2210 

1.871 

2.210 

11.60 

0.2280 

0.2210 

1.372 

2.220 

11.60 

0.2290 

0.2220 

1.346 

2.226 

11.60 

0.2410 

0.2230- 

Mar.    2 

1.838 

2.897 

13.40 

0.3060 

0.2900' 

1.825 

2.842 

13.30 

0.304 

0.284 

1.838 

2.878 

13.40 

0.306 

0.2880^ 

1.840 

2.802 

13.30 

0.307 

0.2800- 

1.769 

2.980 

13.40 

0.294 

0.2980^ 

1.839 

2.915 

13.40 

0.306 

0.2920 

Mar.   30 

0.235 

0.354 

4.35 

0.0892 

0.0854 

0.114 

0.188 

3.02 

0.0190 

0.0188 

1.281 

1.978 

11.0 

0.214 

0.1978 

1.249 

1.935 

10.7 

0.208 

0.1935 
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TABLE  5— Continued 
Pipe  No.  1 


H^- 


Date 

Loss  OF  HVAD,  IN  F«VT. 

!Mean  velocity, 

in  feet  per 

second. 

Loss  OF  Head  Pbb  Foot  of 

PIPE.  IN  Pkbt. 

lfl08. 

SwiUon  C— D. 

Section  D— E. 

Section  C-D. 

Section  D— E. 

1.291 

1.992 

11.0 

0.215 

0.1992 

1.458 

2.301 

11.8 

0.243 

0.230 

0.802 

1.242 

8.53 

0.134 

0.124 

0.803 

1.260 

8.59 

0.134 

0.126 

0.7»2 

1.222 

8.42 

0.132 

0.122 

Mar.   30 

0.545 

0844 

6.86 

0.0910 

0.0844 

0.543 

0.833 

6.ft 

0.0906 

0.0633 

July    89 

o.oer 

0.114 

2.25 

0.0112 

0.0114 

0.103 

O.m 

2.95 

0.0172 

0.0179 

o.m 

0.315 

4.04 

0.0295 

0.0615 

0.280 

0.501 

5.07 

0.0482 

0.0501 

0.400 

0.741 

6.33 

0.0681 

0.0741 

0.513 

0.889 

7.06 

0.0855 

0.0689 

0.717 

1.259 

8.58 

0.120 

0.126 

1.016 

1.800 

10.28 

0.169 

0.180 

1.512 

2.628* 

12.47 

0.252 

0.268 

1.066 

3.454 

14.78 

0.327 

0.345 

ov.  ao 

0.470 

0.840 

6.57 

0.0784 

0.0840 

0.464 

0.831 

6.48 

0.0774 

0.0831 

0.460 

0.824 

6.52 

0.0781 

0.0884 

0.471 

0.823 

6.50 

0.0785 

0.0623 

O.660 

1.214 

8.08 

0.111 

0.121 

0.664 
0.698 

1.211 
1.226 

8.07 
8.02 

0.111 
0.115 

0.181 
0.128 

0.688 

1.194 

7.95 

0.115 

0.119 

0.768 

1.340 

8.43 

0.128 

0.134 

0.747 

1.854 

8.40 

0.124 

0.135 

O.760 

1.967 

8.55 

0.127 

0.137 

1.890 

2.341 

11.2 

0.215 

0.234 

1.807 

2.336 

11.4 

0.216 

0.284 

1.998 

2.S03 

11.8 

0.238 

0.250 

^ 

O.W 

0.241 

8.40 

0.0828 

0.0841 

0.141 

0.260 

3.48 

0.0236 

0.0269 

[143] 


Digitized  by  VjOOQ IC 


30 


BULLETIN   OF  THE   UNIVEBJSITT  OF  WISOONSHT 


TABLE  5— Continued 
Pipe  No.  1 


Date 

Loss  or  Hbad.  in  Fbbt. 

Mean  velocity. 

in  feet  per 

second. 

Loss  OF  Hkad  fib  Foot  of- 
PiPB,  IN  Fbbt. 

1906. 

Section  C-D. 

Section  D-E. 

Section  0— D. 

Section  D— E. 

Not.  24 

1909. 
Auff.  20 

0.132 
0.142 
0.131 
0.133 
0.181 
0.133 

0.250 
0.243 
0.231 
0.240 

.234 
0.237 

.083 
0.129 
0.183 
0.244 
0.432 
0.500 
0.652 
1.514 
2.^ 
1.092 
1.154 
0.777 

3.41 
3.39 
3.28 
3.30 
3.28 
3.28 
1.83 
2.29 
2.79 
3.28 
4.45 
4.80 
5.56 
8.57 
10.90 
7.26 
7.40 
6.03 
4.51 
6.38 
7.81 
9.66 
3.62 
6.00 
2.66 
4.90 
10.35 

0.0220 
0.0236 
0.0218 
0.0222 
0.0218 
0.0222 

0.0250 
0.0243 
0.0231 
0.0240 
0.0234 
0.0237 
0.0083^ 

0.0129 

0.0188 

0.0244 

0.0432 

0.0500 

0.0652 

▲uff.  23 

0.1514 

0.243 

0.1002 

0.1154 

0.0777 

Auff.     4 

0.291 
0.672 
0.830 
1.271 
0.192 
0.506 
0.100 
0.339 
1.460 

0.0485 

0.0955 

0.138 

0.212 

0.0320 

0.0846 

0.0182 

0.0565 

0.0242 

Anff.  25 
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8fe 


TABLE  5— Continued 
Pipe  No.  2 


Date 
1908. 

Lo68  0fhead, 

In  feet. 
Sectioii  A-B. 

Mean  Telocity. 

in  feet  per 

second. 

Date 

1908. 

Loss  of  head, 

in  feet. 
Section  A— B. 

Mean  velocity.. 

In  feet  per 

second. 

Mftr.     4 

0.182 

2.75 

June  25 

0.476 

5.04 

0.442 

4.62 

0.458 

5.04 

0.440 

4.62 

June  26 

0.753 

6.65 

1.118 

8.11 

0.757 

6.65 

1.115 

8.17 

0.775 

6.73 

1.0S6 

7.84 

0.  74 

8.73 

1.026 

7.75 

0.933 

7.23 

1.081 

7.98 

0.936 

7.19 

1.680 

10.13 

0.916 

7.13, 

1.878 

10.77 

0.951 

7.23 

1.796 

10.54       • 

0.943 

7.02 

1.791 

10.42 

1.604 

9.43 

2.620 

12.90 

1.550 

9.32 

2.500 

12.60 

1.534 

9.27 

Mar.    12 

0.190 

2.83 

1.563 

9.33 

0.490 

Vl4 

June  27 

1.859 

10.60 

1.065 

7.83 

1.776 

10.40. 

1.062 

7.83 

1.858 

10.62 

1.791 

11.00 

1.870 

10.68, 

1.806 

11.10 

2.221 

11.80. 

Jane  25 

0.123 

2.38 

2.351 

12.09 

0.049 

1.41 

2.399 

12.21 

0.316 

3.94 

2.325 

12.05 

0.318 

4.03 

3.388 

14.70 

0.318 

4.02 

3.326 

14.58 

0.488 

5.11 

3.581 

15.04 

0.463 

5.02 

3.526 

14.94 
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TABLE  6 


Wisconsin  Bxpbrihbnts 
Friction  Loss  in  Curved  Pipe 


CUBYB  No.  1. 

Curve  No.  2. 

Curve  No.  3. 

CURVB  No.  4. 

CURVR  No.      . 

March.  1908. 

March.  1908. 

March.  1908. 

March.  1908. 

July. 

1908. 

Mean  ve- 
locity, In 
feet  per 
•econd. 

Loss 

between 

B&E, 

In  feet. 

Ve- 
locity. 

Loss, 
B-E. 

Ve- 
locity. 

Loss, 
B-E. 

Ve- 
locity. 

LOM, 

B-E. 

Ve- 
locity. 

Loss, 
B-E. 

1.80 

o.m 

1.86 

.189 

2.72 

.368 

1.93 

.234 

1.66 

.136 

2.46 

0.300 

3.75 

.609 

3.70 

.650 

1.98 

.242 

2.30 

.262 

2.er 

0.375 

3.77 

.583 

4.87 

1.05 

2.97 

.505 

3.12 

.434 

3.79 

0.682 

4.98 

1.190 

4.88 

1.04 

5.28 

1.66 

4.29 

.792 

4.35 

0.843 

5.08 

1.210 

5.03 

1.15 

6.50 

2.34 

4.35 

.815 

4.36 

0.846 

6.62 

2.040 

5.04 

1.15 

10.22 

5.21 

6.17 

1.57 

4.86 

1.098 

6.83 

2.060 

5.08 

1.15 

10.24 

5.28 

6.47 

1.71 

6.26 

1.66 

6.84 

2.060 

6.48 

1.80 

10.29 

5.31 

6.49 

1.74 

6.26 

1.65 

8.42 

2.820 

6.72 

1.99 

10.81 

5.30 

7.52 

2.29 

5.94 

1.60 

8.48 

2.860 

6.73 

1.94 

11.52 

6.54 

7.58 

2.29 

5.07 

1.62 

8.53 

2.940 

6.92 

2.06 

11.52 

6.54 

8.68 

3.01 

7.16 

2.27 

9.78 

3.840 

8.67 

2.99 

11.52 

6.55 

9.06 

3.24 

7.30 

2.34 

9.87 

3.920 

8.74 

3.14 

11.54 

6.56 

10.24 

4.10 

7.31 

2.29 

10.00 

8.910 

8.76 

3.20 

13.12 

8.88 

10.34 

4.30 

7.96 

2.75 

10.10 

4.040 

8.86 

3.21 

13.25 

8.54 

10.44 

4.28 

7.98 

2.76 

11.70 

5.260 

9.93 

4.05 

13.25 

8.60 

11.98 

5.58 

7.98 

2.75 

11.70 

5.460 

9.95 

4.03 

13.27 

8.61 

11.96 

5.61 

8.20 

2.76 

11.70 

5.460 

10.00 

4.04 

12.16 

5.74 

8.23 

2.79 
2.81 
2.84 
2.98 
5.07 

14.2 
14.2 
14.2 
14.4 

7.590 
7.610 
7.620 
7.860 

10.90 
11.00 
11.00 
11.00 
13.50 

4.38 
4.92 
4.93 
4.94 
7.00 

13.52 
13.61 
18.70 
13.70 

7.06 

8  31 

7.13 

8.96 

7.17 

8  48 

7.18 

11.84 

11  46 

5.19 
5.25 

13.50 
18.50 

7.20 
7.24 

11.52 

11  65 

5.18 

13.50 
13.70 

7.83 
7.34 

\ 
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TABLE  NO.  (V— Continued 


CURTK  No.  6.                         1 

CHrBVBNo.7. 

OlTBVB  No.  8. 

CUBYB 

Tee. 

(Water  leavlnff 

branch,) 

(Water  entering 
branch.) 

No.  9. 

March.  1906. 

July, 

1906. 

July.  1906. 

July.  1908. 

July. 

1908. 

Veloc- 
ity. 

Loea, 
B-E, 

Veloc- 
Ity. 

L«8S. 

biI: 

Veloc- 
Ity. 

Loss. 
B-B. 

Veloc- 
ity. 

l^t 

Veloc- 
ity. 

n-. 

1.50 

.901 

1.40 

.185 

2.19 

.201 

1.75 

.151 

1.67 

.156 

1.99 

-274 

1.96 

.245 

3.00 

.373 

2.34 

.248 

2.U 

.233 

2.96 

.530 

3.18 

.624 

3.t» 

.520 

3.31 

.479 

3.27 

.510 

4.16 

1.10 

4.17 

1.06 

5.53 

1.18 

5.22 

1.13 

4.37 

.021 

5.17 

1.75 

4.22 

1.05 

6.59 

1.62 

6.70 

1.80 

4.58 

.958 

5.27 

1.79 

5.74 

1.90 

7.57 

2.12 

6.73 

1.84 

6.45 

1.84 

5.87 

1.86 

5.78 

1.91 

8.86 

2.87 

7.28 

2.12 

6.53 

1.85 

6.96 

3.09 

5.79 

1.90 

8.88 

2.89 

7.46 

2.26 

6.55 

1.89 

6.96 

3.09 

5.81 

1.92 

10.68 

4.18 

8.56 

2.96 

7.40 

2.38 

9.84 

6.70 

6.79 

2.63 

10.70 

4.23 

8.98 

3.12 

7.40 

2.39 

9.« 

5.87 

6.96 

2.79 

12.09 

5.21 

9.12 

3.26 

7.65 

2.39 

10.03 

589 

8.38 

3.76 

12.20 

5.31 

10.40 

4.21 

8.82 

3.30 

10.07 

5.94 

8.39 

3.88 

12.37 

5.47 

10.71 

4.40 

8.82 

3.30 

10.09 
10.11 
10.11 
11.10 
11.10 
11.10 
11.20 
11.20 
12.90 
12.90 
12.90 
18.00 
13.10 
18.10 

5.56 
5.58 
5.64 
6.75 
6.75 
6.72 
6.73 
6.68 
9.06 
8.93 
9.10 
0.04 
9.10 
9.14 

14.70 
14.86 
15.05 
15.05 

7.56 
7.72 
7.90 
7.91 

10.76 
12.30 
12.37 
12.42 
14.74 
14.80 
14.80 

4.50 
5.78 
5.90 
5.88 
8.01 
8.01 
8.05 

8.92 
8.93 
10.55 
10.56 
10.69 
10.71 
12.17 
12.44 
12.44 
12.60 
14.30 
14.33 
14.33 
14.43 
14.43 

3.37 

3.41 

4  67 

4.72 

4.79 

4.78 

6.06 

6.38 

6.44 

6.52 

8.38 

8.42 

\ 

8.46 

8.47 

8.48 
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TABLE  6 Continued 


CUBYS  No.  10. 

CuBva  No.  11, 

Curve  No.  12, 
BiFOBs  Bind- 
ing. 

OUBYN  No.  12. 

CUBYN  No.  12. 

Dec, 

1908. 

Jan., 

1900. 

March.  1909. 

May.  1909. 

Alv., 

1909. 

Ve- 
locity. 

S^bL 

Ve- 
locity. 

Loss, 
B-E. 

Ve- 
locity. 

LOSA. 

B-B, 

Ve- 
locity. 

Loss, 
B-E. 

Ve- 
locity. 

k3L 

1.96 

.236 

1.84 

.232 

7.47 

3.243 

1.58 

.210 

1.88 

.283 

1.96 

.251 

1.98 

.264 

7.62 

3.873 

1.50 

.210 

2.09 

.843 

1.96 

.237 

1.94 

.238 

7.28 

3.139 

1.50 

.206 

2.31 

.410 

1.96 

.230 

1.94 

.2U 

7.25 

3.037 

1.59 

.206 

2.88 

.618 

1.96 

.235 

1.94 

.246 

7.03 

2.928 

1.59 

.215 

3.65 

.954 

1.96 

.237 

1.95 

.2431 

6.90 

2.723 

1.60 

.210 

4.23 

1.276 

1.99 

.230 

1.95 

.240 

7.08 

2.882 

1.61 

.213 

4.63 

1.617 

5.60 

1.61 

5.53 

1.61 

6.90 

2.723 

4.61 

1.37 

6.05 

2.648 

5.62 

1.63 

5.54 

1.50 

7.08 

2.882 

4.64 

1.40 

2.81 

.583 

5.66 

1.66 

5.55 

1.63 

7.42 

3.131 

4.67 

1.42 

4.89 

1.361 

5.68 

1.67 

5.55 

1.63 

7.21 

3.066 

4.67 

1.42 

5.05 

1.782 

5.72 

1.66 

5.60 

1.64 

1.562 

.201 

4.67 

1.41 

5.18 

1.844 

5.77 

1.71 

5.61 

1.65 

1.586 

.200 

4.69 

1.41 

6.10 

2.517 

5.88 

1.76 

5.67 

1.68 

1.552 

.196 

4.71 

1.43 

6.02 

2.444 

5.90 

.1.78 

5.74 

1.72 

1.^18 

.195 

7.04 

3.07 

6.33 

2.828 

7.83 

3.03 

7.16 

2.92 

1.532 

.197 

7.05 

3.06 

6.58 

2.891 

7.85 

8.02 

7.36 

2.82 

1.506 

.195 

7.06 

3.06 

2.18 

.867 

7.88 

8.05 
3.06 
8.06 

7.89 
7.41 
7.41 

2.83 

2.86 
2.85 

1.526 

4.65 

4.64 

.196 
1.353 
1.335 

7.06 
7.10 
7.12 

8.07 
3.10 
3.08 

7.88 

7.88 

7.88 

3.06 

7.43 

2.88 

4.68 

1.825 

7.13 

3.06 

7.90 

3.06 

7.45 

2.87 

4.74 

1.389 

7.16 

3.08 

7.90 

3.06 
3.10 

7.48 
7.54 

2.99 
2.91 

4.67 
4.76 

1.349 
1.392 

7.20 

8.06 

7.96 

7.72 

3.08 

4.73 
4.70 

1.383 
1.375 
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Tables  5  and  6.  Each  value  of  loss  of  head  given  in  these 
tables  is  the  average  difference  of  a  large  number  of  gage 
readings. 

Method  of  Computation 

Most  of  the  multiplication  and  division  was  done  with  a  10- 
inch  slide  rule. 

In  all  computations  of  velocities  the  discharge  in  cubic  f^t 
per  second  was  divided  by  the  actual  area  of  the  straight  pipe. 
This  gave  the  mean  velocity  in  the  straight  pipe,  but  not  al- 
ways the  mean  velocity  in  the  curved  part  owing  to  variations 
in  the  dimensions  of  the  diameters  of  the  various  curves.  Also 
in  computing  the  ratio  of  the  radius  of  curvature,  R,  to  the 
diameter,  dp,  the  diameter  of  the  straight  pipe  was  used.  A 
comparison  of  the  losses  in  curves  of  the  same  radius  but  of 
different  diameters,  connected  to  the  same  pipe  is  made  in  an- 
other  paragraph. 

The  loss  of  head  per  foot  of  straight  pipe  was  computed  for 
the  various  sections  of  the  pipes  by  dividing  the  difference  of 
the  gage  readings,  shown  in  Table  5,  by  the  length  of  pipe 
between  the  piezometers.  The  losses  of  head  per  foot  of  straight 
pipe  were  plotted  as  ordinates  against  mean  velocities  as  ab- 
sissas  on  logarithmic  cross-section  paper,  as  shown  in  Fig.  15. 
In  this  figure  the  solid  lines,  all  of  which  have  the  equation 
h=0.00245  v^'**  are  intended  to  show  the  average  loss  of 
head  per  foot  of  pipe.  A  line  having  this  equation  seems  to  fit 
the  points  of  all  three  sections  of  pipe,  indicating  that  the  con- 
ditions of  the  pipes  were  practically  the  same.  In  section  C-D 
the  observations  taken  in  the  spring  of  1908  seem  to  indicate 
a  greater  loss  of  head  than  was  observed  later.  The  points  be- 
longing to  the  earlier  observations  are  averaged  by  the  dotted 
line.  Owing  to  the  shortness  of  the  length  of  pipe  between 
its  entrance  and  the  first  piezometer  during  the  first  runs,  some 
entrance  losses  were  probably  included  in  the  piezometer  read- 
ings causing  a  greater  average  loss  of  head.  The  conditions  of 
the  later  experiments  prevented  such  an  error. 

The  friction  loss  in  the  pipes  changed  considerably  during 
the  period  covering  the  various  series  of  experiments.    This 
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Figure  15.— Logarithmic  Plotting  of  Straight  Plp«  Louea. 
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fact  is  best  shown  by  the  results  of  measurements  of  friction 
loss  between  piezometers  D  and  E,  The  measurements  taken 
in  the  spring  and  summer  of  1908  agree  so  closely  that  a 
single  line  (the  solid  line  in  Fig.  15)  averages  the  plotted 
points  satisfactorily,  but  by  November  1908  the  friction  had 
increased  greatly.  The  points  representing  the  observations 
taken  at  that  time  are  averaged  by  the  dot  and  dash  line  in 
Pig.  15.  Another  friction  test  was  made  on  pipe  No.  1  in  Au- 
gust, 1909,  which  showed  that  the  friction  had  still  further  in- 
creased to  a  considerable  extent.  The  results  of  this  latter 
test  are  averaged  by  the  dash  line.  The  pipes  were  dry  dur- 
ing some  of  the  time  between  experiments  so  no  information 
can  be  gotten  from  this  data  as  to  the  rate  of  change  of  friction 

lOBB. 

In  Figs.  16(a)  and  (b)  the  total  losses  between  piezometers 
B  and  E,  as  observed  at  various  velocities  for  the  various  el- 
bows, have  been  plotted  on  logarithmic  cross-section  paper  and 
straight  lines  have  been  drawn  averaging  the  points.  Below 
these  lines  were  drawn  lines  representing  the  loss  due  to  the 
straight  pipe  included  between  piezometers  B  and  E.  These 
lines  were  located  by  multiplying  the  loss  per  foot  of  straight 
pipe  taken  from  Fig.  15,  by  the  proper  length  of  pipe.  The 
total  loss  occasioned  by  the  curve,  corresponding  to. Case  2,. 
discussed  on  page  18,  was  found  by  taking  the  vertical  inter^ 
cepts  between  the  line  showing  the  loss  of  head  for  a  given 
elbow  and  that  for  the  corresponding  length  of  straight  pipe. 
This  length  of  straight  pipe  was  different  for  the  different 
elbows;  being  18  feet  for  curves  1,  2,  3,  4,  5,  6,  and  7,  18.9 
feet  for  curve  12,  and  19  feet  for  curves  8,  9,  10  and  11.  For 
elbows  1  to  9  inclusive  the  results  of  the  straight  pipe  ex- 
periments made  in  the  spring  and  summer  of  1908  were  used 
in  computing  the  loss  in  the  straight  part  of  the  pipe,  but  for 
elbows  10,  11  and  12,  which  were  experimented  on  in  Decem- 
ber, 1908,  January  and  May,  1909,  respectively,  the  results  of 
the  November  straight  pipe  experiments  were  used.  To  avoid 
confusion  most  of  the  lines  representing  the  straight  pipe  losses 
have  been  omitted  in  Figs.  16(a)  and  (b),  only  two  being  shown 
to  illustrate  the  method  of  computation.  This  way  of  computing, 
over-estimates  the  curve   loss   somewhat  for  the  long  radius 
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TIgure   16(b).— Logarithmic    Plotting    of   Oanre    Loises. 
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curves  on  account  of  neglecting  the  increase  in  straight  pipe 
friction  which  occurred  between  November  and  the  dates  when 
the  curves  were  tested.  The  curves  were  tested  very  soon 
after  erecting,  so  that  they  were  clean  during  the  test. 

The  values  of  the  curve  loss  at  a  velocity  of  10  feet  per 
second,  found  as  described  above,  have  been  plotted  as  circles  in 
Fig.  17  and  a  curve  has  been  drawn  averaging  the  points. 
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Figure   17.— Relation  of   Loss   of   Head   and   Radius   of  Bend. 

The  pipe  from  which  curve  No.  12  was  made  was  tested  for 
pipe  friction  before  it  was  bent.  It  was  placed  between  pipes 
1  and  2  and  the  gage  connected  between  piezometers  B  and  E 
just  as  was  done  after  it  was  bent.  The  difference  between 
the  losses  at  10  ft.  per  second  velocity  when  curved  and  when 
straight  was  0.2  ft.  This  is  the  value  of  the  net  loss  due  to 
the  curve,  in  accordance  with  the  definition  of  Case  1.  The 
point  has  been  plotted  on  Pig.  17  as  a  solid  black  circle.  None 
of  the  other  elbows  were  tested  for  pipe  friction  before  bend- 
ing, so  the  method  used  for  determining  the  net  friction 
for  elbow  12  cannot  be  applied  to  them. 

The  net  friction,  according  to  the  definition  of  Case  1,  was 
determined  for  the  other  curves  by  deducting  from  the  plotted 
values  of  the  total  friction  the  computed  frictioil  loss  due  to  a 
length  of  pipe  equal   to  the  length   of  the   curve.     A  curve, 
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marked  Case  1,  has  been  drawn  on  Fig.  17  to  represent  these 
net  losses.  The  squares  along  this  curve  are  not  from  the  Wis- 
consin  Experiments.  These  points  will  be  discussed  later.  The 
vertical  intercepts  between  the  curves  marked  Case  1  and  Case 
2  are  equal  to  the  ordinates  of  the  line  marked  Pipe  Friction 
which  shows  the  loss  of  head  due  to  a  velocity  of  ten  feet  per 
second  in  lengths  of  pipe  equal  to  the  length  of  the  elbows. 
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L05&c*HeocJperunit  of 
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1 

Rcxfius  n  Oometers 
Figure  18.— Lo88  of  Head  per  Unit  Length  of  Ooryed  Pipe 

This  line  is  based  on  the  straight  pipe  friction  losses  determined 
in  the  spring  and  summer  of  1908  when  the  pipes  were  com- 
paratively clean,  and  approximately  in  the  condition  that  the 
elbows  were  in  when  they  were  tested. 

The  net  loss  for  the  various  elbows,  taken  from  the  average 
curve  on  Pig.  17,  has  been  divided  by  the  length  of  the  re- 
spective elbows  expressed  in  pipe  diameters,  as  described  under 
Case  1  (b)  on  page  18,  and  the  results  have  been  plotted  in 
Pig.  18.  It  may  be  seen  in  this  figure  that  the  loss  per  unit 
length  of  curve  continuously  decreases. 
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The  Effect  of  Enlaboembnts 

In  the  foregoing  discussion  only  the  curves  having  the  bame 
diameter  as  the  pipe  have  been  considered.  It  was  found  that 
elbow  number  1  gave  practically  the  same  loss  of  head  as  elbow 
number  3.  This  may  be  seen  by  comparing  the  lines  for  elbows 
number  1  and  3  on  Pig.  16  (b).  The  increase  in  loss  to  be  ex- 
pected in  elbow  number  1,  due  to  the  slight  enlargement  and 
contraction  of  section,  seems  to  have  been  very  nearly  balanced 
by  the  reduction  in  loss  due  to  a  slightly  longer  radius  of  cur- 
vature. 

An  idea  of  the  increase  in  loss  due  to  the  enlargement  from 
2^  in.  to  2|  in.  and  again  contracting  to  the  smaller  size 
may  be  had  by  comparing  elbows  numbers  3  and  4  which  are 
both  of  cast  iron,  of  about  the  same  degree  of  roughness,  as 
may  be  seen  in  Figs.  4  and  5,  and  both  have  a  radius  at  the 
center  line  of  0.728  diameter.  From  the  curves  in  Fig.  16  (b) 
it  was  found  that  the  total  loss  due  to  elbow  4  was  about  1.8 
times  the  loss  due  to  elbow  3.  Elbow  5  caused  about  the  same 
loss  as  elbow  number  2. . 
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CORNELL  UNIVERSITY  EXPERIMENTS 

Exi>eriineiits  on  elbows  and  bends  were  made  at  Cornell 
University  by  Ernest  W.  Schoder,  during  1907.  A  report  of 
this  work  by  the  experimenter,  may  be  found  in  the  Transac- 
tions of  the  American  Society  of  Civil  Engineers^  Vol.  62,  p.  67 
(1909). 

Dbscriptign  op  Apparatus 

The  straight  pipes  experimented  on  were  6-inch  wrought  iron 
pipes  with  flange  connections.  The  lengths  of  the  pipes,  from 
face  to  face  of  flanges,  are  given  in  Pig.  19.  The  following  are 
the  inside  diameters — ^the  means  of  four  measurements,  two  at 
each  end: 


Pipe  No.  1      No.  2 

No.  8 

No.  4 

No.  5 

No.  6 

6.106  m.        6.086  in. 

6.102  in. 

6.078  in. 

6.072  In. 

(^.083  in. 

The  curves  used  were  made  to  order,  except  that  Nos.  10  and 
12,  respectively,  were  standard  **long  sweep"  and  ''short  turn'* 
6  in.,  cast  iron,  flanged,  90°  elbows.  Curves  numbers  1  to  6,  in- 
clusive, were  bent  from  6  in.  wrought-iron  pipe.  Curves  num- 
bers 7  to  12,  inclusive,  were  of  cast  iron.  All  were  90®  curves; 
and  all  were  left  uncoated.  The  wrought-iron  pipe  curves  had 
about  6  in.  of  straight  pipe  at  each  end.  The  ends  had  been 
threaded  to  receive  standard  flanges.  The  cast-iron  curves  were 
flanged,  faced,  and  drilled  complete,  ready  for  setting  up.  The 
dimensions  of  the  curves  are  given  in  Table  7. 

The  piezometers  consisted  each  of  two  diametrically  opposite 
holes  in  the  pipe  wall  into  which  %  in.  T-handle  cocks  were 
screwed.  A  three-way  connection  served  to  join  the  short  hoses 
from  these  cocks  and  the  single  long  hose  to  the  gage.  A 
water  differential  gage  was  used  to  measure  the  loss  of  head 
during  the  straight  pipe  experiments  and  a  mercury  differen- 
tial gage  was  used  during  the  elbow  experiments.  These  gages 
were  provided  with  blow-off  cocks  for  the  removal  of  air  from 
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the  gages  and  connections.     The  same  up-stream  piezometer  wa& 
used  for  the  curve  experiments  as  for  the  first  straight-pipe  ex- 
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IMffore  19.— 43€zieral  Plan  of  the  Apparatus  Uaed  in  the  OomeU  University  Ezperlmenti^ 


periments.  The  down-stream  piezometer  was  a  new  one,  of  the 
same  type,  placed  1.05  ft.  up  stream  from  the  down-stream  end 
of  Pipe  No.  5  which  adjoined  the  nozzle.  A  similar  inter- 
mediate piezometer  was  placed  2.00  ft.  up  stream  from  the 
down-stream  end  of  Pipe  No.  3. 

A  general  plan  of  the  apparatus  is  shown  in  Fig.  19. 

The  e;sperimental  pipe  line  was  arranged  with  the  idea  of 
keeping  all  conditions  the  same  except  for  the  introduction  of 
the  several  curves.  Consequently,  the  flange  joints  in  the  por- 
tion downstream  from  the  curves  were  not  disturbed  through- 
out the  experiments.  The  entire  length  of  85  ft.  of  6-inch 
wrought-iron  pipe,  together  with  the  nozzle,  was  shifted  bodily 
when  a  new  curve  was  placed  in  the  line.  The  portion  up- 
stream from  the  curves  was  left  unchanged  during  the  experi- 
ments on  the  curves. 
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During  the  experiments  made  for  finding  the  straight  pipe 
friction  losses  the  water  discharged  through  the  pipe  was 
measured  in  a  calibrated  concrete  measuring  tank,  of  500  cubic 


TABLE  7 

OOBNBLL  EXPBBfMBKTS 


1 

2 

8 

4 

5 

6 

7 

8 

Tfaef 
•cupye. 

Inter- 
nal 
diame- 
ter in 
feet:d. 

B,  in 

feet. 

R 

d.* 
d.=.506  ft. 
>  =mean 
diameter 
of  straight 

pipe. 

Lenfrth 

of  curve 

alonir 

center 

line. 

Length  of 

elbow 
from  face 
to  face  of 
flanres. 

Lenirthof 
straight 
pipe  be- 
tween pie- 
zometers. 

Material. 

1 

2 

3 

4 

5 

6...     . 

7 

•« 

9 

10 

U 

12 

.506 
.515 
.513 
.509 
.509 
.506 
.492 
.496 
.492 
.492 
.496 
.494 

10.00 
7.50 
5.00 
4.00 
3.00 
2.50 
2.00 
1.50 
1.06 
0.95 
0.88 
0.67 

19.68 
14.76 
9.84 
7.87 
5.90 
4.92 
3.94 
.     2.96 
2.13 
1.87 
1J3 
1.32 

15.71 
11.78 
7.85 
6.28 
4.71 
3.98 
3.14 
2..% 
1.70 
1.49 
1.38 
1.06 

16.77 
12.84 
9.01 
7.34 
5.89 
5.06 
3.64 
2.86 
2.54 
1.7S 
8.62 
1.05 

80.268 
86.268 
86.968 
86.268 
86.388 
86.358 
85.706 
85.708 
86.048 
85.468 
87.448 
85.206 

Wrought  iron. 
Wrought  iron. 
Wrought  iron. 
Wrought  Iron. 
Wrought  iron. 
Wrought  iron. 
Oast  iroo. 
Cast  iron. 
Cast  iron. 
Oast  iron. 
Cast  iron. 
Cast  IroD. 

feet  capacity,  but  during  the  experiments  on  the  elbows  and 
bends  the  water  was  measured  by  means  of  a  brass  nozzle  at- 
tached to  the  discharge  end  of  the  6.-inch  pipe.  It  had  been 
calibrated  previously  with  pressure  heads  at  the  base  of  the 
nozzle  ranging  from  1.649  to  50.208  feet.  The  discharge  co-ef- 
ficient determined  from  the  average  of  40  experiments  was 
found  to  be  0.988. 


Method  op  Experimentation 

Before  the  curve  experiments  were  made  a  straight  line  com- 
posed of  six  pipe  lengths  having  a  total  length  of  122  feet  was 
set    up    and    the    loss    of    head    measured    in   a  length  of 
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99.33  feet,  a  length  of  20.04  ft.  being  allowed  up  stream  from 
the  first  piezometer  for  the  disturbances  due  to  entry  from  a  12- 

TABLE  8 

Experiment  on  Friction  loss  In  straWht  pipes. 

Data  by  Schoder,  E.  W. 

Date  of  Experiment,  Sept.  4, 1907. 

General  data.  Temperature  of  water  at  start=68°  F;  at  flnlsb~=70^  F. 


No.  of  experiment. 

Observed  loss 
of  head  in  99.33 
feet  of  pipe,  in 
feet  of  water. 

Loss  of  head 

per  foot  of  pipe, 

in  feet. 

Mean  velocity, 

in  feet 

per  second. 

1.901 
1.687 
1.449 
1.141 
l.OOO 
0.831 
0.704 
0.478 
0.307 
0.160 

0.0191 
0.0170 
.0146 
.0125 
0.0101 
0.00836 
0.00708 
0.00476 
0.00309 
0.00160 

6.03 

5.67 

5.22 

4.80 

4.29 

3.88 

3.55 
2.87 

2.27 

10 

1.61 

inch  header  to  die  down.  The  results  of  these  measurements 
are  given  in  Table  8.  After  the  completion  of  the  experiments 
on  the  curves  a  second  series  of  straight  pipe  experiments  was 
made  on  the  46.10  ft.  of  straight  pipe  immediately  above  the 
down-stream  piezometer.  Pitot  tube  traverses  had  shown  con- 
ditions of  normal  flow  at  the  up-stream  end  of  this  experimental 
section,  but  the  results  of  the  second  series  of  straight  pipe 
experiments  did  not  agree  with  the  results  of  the  first  series. 
The  use  of  the  first  series  in  computing  the  curve  losses  gives 
results  more  in  harmony  with  the  Wisconsin  Experiments  than 
does  the  use  of  the  second  series  and  the  latter  will  therefore 
not  be  considered  in  this  bulletin. 

The  losses  of  head  in  all  the  curve  experiments  were  meas- 
ured between  the  piezometers  just  upstream  from  the  curves 
and  the  piezometer  just  upstream  from  the  nozzle,  distant  168 
diameters  downstream  from  the  curves. 


[160] 


Digiti 


ized  by  Google 


DAVI8-IHVB8nQATI0M  OV  HTDBAULIO  OOBVB  BB6I8TANOB  47 


Method  of  Gompxttation 

The  loases  of  head  per  foot  length  of  straight  pipe  aa  given 
in  Table  8  have  been  plotted  as  ordinates  against  the  velocities, 
as  abscissas  on  logarithmic  cross-section  paper,  as  shown  in 
Pig.  20. 

The  losses  of  head  in  the  elbow  experiments  were  measured 
by  mercury   differential   gages,   as   before   mentioned.    These 
measured  losses,  as  published  in  Mr.   Schoder's  article,  have 
been  reduced  to  equivalent  losses,  expressed  in  feet  of  water,  by 
dividing  by  12.57.    The  results  are  given  in  Column  4  of  Table 
9  opposite  the  corresponding  velocity.    The  loss  of  head  per 
foot  of  straight  pipe  at  the  given  velocities  was  taken  from 
Fig.  20  and  tabulated  in  Column  3.    These  values  have  been 
multiplied  by  101.98  and  the  results  tabulated  in  Colunm  6 
of  Table  9.    This  distance  of  101.98  ft.  was  the  center-line 
length  of  pipe  between  the  piezometers  when  Curve  No.   1 
was  installed.    The  difference  between  the  values  in  Columns 
6  and  4  gives  the  net  losses  of  head  due  to  Curve  No.  1  accord- 
ing to  the  definition  of  Case  1   (a).    To  find  the  net  loss  for 
the  other  curves  the  loss  that  would  occur  in  a  length  of 
straight  pipe  sufficient  to  make  the  center-line  length  equal 
1(J1.98  was  added  to  the  observed  losses  to  reduce  all  curves  to 
the  conditions  of  Curve  No.  1.    The  results  are  tabulated  in 
Column  5  of  Table  9.    The  differences  between  the  quantities 
in  this  column  and  those  in  Column  6  are  the  net  losses  desired. 
These  net  losses,  tabulated  in  Column  7,  were  plotted  on  logar- 
ithmic cross-section  paper,  and  from  the  curves  averaging  the 
points  the  losses  at  a  velocity  of  ten  feet  per  second  were  picked 
off.    These  losses  are  tabulated  in  Table    10    and   have    been 
plotted  as  squares  on  Pig.  17.    It  may  be  noted  in  this  figure 
that  the  Cornell  experiments  agree  very  well  with  the  Wiscon- 
sin experiments,  so  far  as  the  net  losses  are  concerned.    The 
normal  six-inch  pipe  friction  loss  per  diameter  of  length  is 
slightly  less  than  tiiat  of  the  2-inch  pipe  and  consequently  a 
direct  comparison  of  quantities  cannot  be  made  for  Case  2. 
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TABLE  9 

Experiment  on  Curve  resistance. 

Data  by  B.  W.  Schoder.    Oompnted  by  6.  J.  Kruell. 

Date  of  experiment,  1906. 

General  data,  d.  =  mean  diameter  of  pipes  nos.  1  and  S. 

OUBYS  No.  1 


OLlenirth=10l.96feet. 

5=19.685. 

1 

% 

8 

4 

5 

6 

T 

Na  of  ex- 
periment. 

Mean 

velocity. 

In  feet  per 

second. 

Loss  of  head 

per  foot  of 

straight 

pipe. 

Loss,  in  feet 
of  water  be- 
tween pie- 
zometers. 

Loss,  in  feet 
of  water 
when  total 

lenffth, 

C1.=101.98 

feet. 

Loss  in 

101.96  feet 

of  stndffht 

pipe. 

Difference 
(5-6). 

16.56 

.1257 

14.52 

14.52 

12.82 

1.70 

16.00 

.1180 

13.64 

13.64 

12.06 

1.61 

15.27 

.1060 

12.44 

12.44 

11.01 

1.48 

13.41 

.0646 

9.70 

9.70 

8.68 

1.07 

lt.81 

.0780 

8.90 

8.90 

7.95 

0.95 

12.06 

.0894 

7.86 

7.86    • 

7.06 

0.78 

9.20 

.0427 

4.78 

4.78 

4.35 

0.48 

7.96 

.0320 

8.56 

3.58 

3.26 

0.32 

6.66 

.0225 

2.46 

2.49 

2.29 

0.200 

10 

4.66 

.0181 

1.48 

1.48 

1.34 

0.14 

11 

8.46 

.0088 

0.091 

6.691 

0.603 

-.002 

It 

16.56 

.1261 

14.56 

14.56 

12.86 

1.70 

If 

16.56 

.1261 

14.69 

14.09 

12.86 

1.88 

14 

16.10 

.1200 

13.88 

13.88 

12.84 

1.64 

15 

14.96 

.1065 

12.02 

12.02 

10.55 

1.47 

1« 

14.18 

.6940 

10.78 

10.78 

9.60 

1.19 

IT 

18.24 

.0686 

9.50 

9.50 

8.44 

1.06 

U 

18.68 

.0750 

8.55 

8.56 

7.66 

0.90 

If 

11.64 

.0852 

7.42 

7.42 

6.66 

0.77 

» 

9.96 

.0487 

6.46 

5.46 

4.97 

0.51 

n 

8.20 

.0836 

8.87 

3.87 

3.45 

0.42 

n 

6.88 

.0812 

8.85 

2.35 

2.16 

0.19 

n 

8.88 

.00615 

0.090 

0.060 

0.881 

0.099 

H 

8.67 

.00418 

0.487 

0.487 

0.426 

0.001 
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TABLE  9~Coiitiiiued 
CUBVB  No.  2 


01.  lenffth=<)e.06  feet. 

d. 

=  14.764. 

1 

S 

8 

4 

5 

6 

T 

No.  of  ex- 
periment. 

Mean 

velocity, 

In  feet  per 

seccmd. 

Loss  of  head 

per  foot  of 

straight 

pipe. 

Loss,  In  feet 
of  water  be- 
tween pie- 
zometers. 

Loss  in  feet 
of  water 
when  total 

length, 

Ol.=101.98 

feet. 

Loss  in 

101.96  feet 

of  straight 

pipe. 

Difference 

1 

16.66 

.1270 

18.79 

14.29 

12.96 

1.34 

2 

16.04 

.1185 

12.81 

13.27 

12.06 

1.19 

3 

13.35 

.0840 

9.02 

9.36 

8.57 

0.78 

4 

14.73 

.1015 

10.80 

11.80 

10.36 

0.85 

5 

11.56 

.0644 

6.90 

7.15 

6.57 

0.58 

6 

10.62 

.0560 

5.78 

6.00 

6.61 

0.39 

7 

9.18 

.0418 

4.40 

4.56 

4.26 

0.30 

8 

6.76 

.0238 

2.46 

2.56 

2.43 

0.12 

0 

5.02 

.0196 

1.34 

1.39 

1.89 

0.00 

10 

8.29 

.00616 

0.64 

0.66 

0.63 

0.03 

11 

2.81 

.00460 

0.45 

0.47 

0.47 

0.00 

12 

16.66 

.1270 

13.78 

14.28 

12.96 

1.33 

Cl.lenfirth=94.22. 

CURVB  No.  3. 

f=^.m. 

1 

16.66 

.1271 

13.30 

14.38 

12.96 

1.42 

2 

16.11 

.1200 

12.49 

18.42 

12.24 

1.18 

3 

14.95 

.1035 

10.80 

11.60 

10.55 

1.05 

•    4 

14.06 

.0680 

9.68 

10.40 

9.48 

0.92 

5 

13.28 

.0840 

8.57 

9.22 

8.57 

0.66 

6 

12.39 

.0780 

7.54 

8.11 

7.44 

0.67 

7 

11.09 

.0696 

6.13 

6.59 

6.08 

0.51 

8 

8.86 

.0390 

4.00 

4.30 

3.96 

0.32 

9 

7.69 

.0300 

8.04 

3.27 

3.06 

0.21 

10 

4.99 

.0138 

1.38 

1.48 

1.36 

0.12 

11 

3.45 

.00678 

0.64 

0.09 

0.69 

0.00 

12 

16.66 

.1271 

13.39 

14.38 

12.96 

1.42 

13 

16.66 

.1270 

13.36 

14.38 

12.95 

1.38 

14 

16.16 

.1206 

12.63 

18.67 

12.29 

1.28 

15 

15.18 

.1070 

11.21 

12.04 

10.91 

1.13 

16 

13.91 

.0910 

9.43 

10.14 

9.28 

0.86 
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TABLE  d— Continued 


GUBYS  No.  4. 


Ol.  leiiffth=«L55  feet. 

f =7.874. 

1 

S 

8 

4 

5 

6 

T 

Na  of  ex- 
periment. 

Mean 

velocity. 

In  feet  per 

second. 

Loss  of  head 

per  foot  of 

Btralffht 

pipe. 

Loss,  in  feet 
of  water  be- 
tween pie- 
zometers. 

Loss,  in  feet 

of  water 

when  total 

lencrth. 

Cl.=101.98 

feet. 

Loss  in 

101.96  feet 

of  straight 

pipe. 

Difference 
(5-6). 

16.62 

.1267 

13.46 

14.65 

12.92 

1.73 

16.90 

.1225 

13  00 

14.16 

12.49 

1.67 

14.59 

.0906 

10.36 

11.90 

10.16 

1.14 

13.15 

.0620 

8.57 

9.34 

8.36 

0.96 

12.01 

.0600 

7.19 

7.84 

7.04 

0.80 

9.29 

.0427 

4.39 

4.79 

4.95 

0.44 

6.10 

.0196 

1.99 

2.17 

1.99 

0.18 

3.87 

.00837 

0.78 

0.86 

0.85 

0.01 

10.46 

.0531 

5.51 

6.01 

5.42 

0.59 

10 

16.68 

.1268 

13.45 

14.65 

12.9B 

1.72 

u 

16.27 

.1220 

12.87 

14.02 

12.44 

1.58 

12 

13.67 

.0686 

9.20 

10.04 

9.04 

1.00 

OL  lenffth=91.10 

Cttrvs  No.  5. 

f^906. 

16.63 

.1268 

13.24 

14.62 

12.98 

1.69 

16.09 

.1200 

12.38 

13.68 

12.24 

1.44 

14.05 

.0980 

9.58 

10.50 

9.48 

l.U 

12.85 

.0787 

8.07 

8.92 

8.02 

0.90 

10.80 

.0570 

5.78 

6.40 

5.81 

0.59 

7.63 

.0896 

3.02 

3.34 

3.02 

0.32 

4.86 

.0127 

1.26 

1.40 

1.30 

0.01 

3.42 

.00664 

0.60 

0.67 

0.68 

-0.01 

16.63 

.1266 

19.22 

14.60 

12.99 

1.67 

10 

16.61 

.1266 

13.14 

14.52 

12.91 

1.61 
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TABLE  9— CoBtinued 


CURVK  No.  6. 


01.  lencrth=90.29. 

f  =4.921 

1 

% 

8 

4 

6 

6 

7 

No.  of  ex- 
periment. 

Mean 

velocity, 

in  feet  per 

second. 

Loss  of  bead 

per  foot  of 

BtraUrht 

pipe. 

Loss,  in  f e«t 
of  water  be- 
tween pie- 
zometers. 

Loss,  in  feet 
of  water 
when  total 

lenfTtti. 

01=101.98 

feet. 

Loss  in 

101.98  feet 

of  straiffbt 

pipe. 

Difference 
(5-6). 

1 

16.65 

.1270 

13.02 

14.50 

12.95 

1.55 

2 

16.40 

.1235 

12.62 

14.06 

12.50 

1.47 

3 

15.41 

.1100 

11.22 

12.50 

11.22 

1.28 

4 

18.04 

.0605 

8.10 

9.04 

8.21 

0.83 

5 

8.67 

.0375 

3.75 

4.19 

3.82 

0.37 

6 

10.36 

.0520 

5.15 

5.76 

5.30 

0.46 

7 

7.78 

.0307 

2.00 

3.35 

3.13 

0.22 

8 

5.53 

.0162 

1.52 

i.n 

1.65 

0.06 

9 

3.41 

.0066 

0.58 

0.66 

0.67 

-0.01 

10 

16.61 

.1266 

12.02 

14.40 

12.91 

1.49 

11 

16.60 

.1265 

12.00 

14.38 

12.90 

1.48 

12 

16.61 

.1266 

13.00 

14.48 

12.91 

1.S7 

13 

16.45 

.1240 

12.76 

14.21 

12.64 

1.57 

14 

16.01 

.1180 

12.10 

13.48 

12.08 

1.45 

01.  lenflrth=88.85. 

OUBTI   No. 

7. 

f=^.«r. 

1 

16.61 

.1206 

12.87 

14.53 

12.91 

1.62 

2 

14.80 

.1020 

10.30 

11.64 

10.40 

1.24 

3 

12.90 

.0790 

7.93 

8.97 

8.06 

0.91 

11.94 

.0680 

6.84 

7.73 

6.93 

0.80 

8.58 

.am 

3.61 

4.09 

3.75 

0.34 

7.31 

.0274 

2.66 

3.02 

2.79 

0.23 

5.62 

.0167 

1.55 

1.77 

1.70 

0.07 

4.38 

.0105 

0.96 

1.10 

1.07 

0.09 

3.20 

.00686 

0.49 

0.57 

0.60 

-O.OB 

10 

16.62 

.1267 

12.88 

14.14 

12.92 

1.62 
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TABLE  9— Ck)ntinued 


CuBYs  No.  8. 


OL  l#iiffth=88.a7. 


r=2»3. 


1 

2 

3 

4 

5 

6 

T 

No.  of  ex- 

peiiment. 

Mean 

velocity, 

in  feet  per 

second. 

Loss  of  head 

per  foot  of 

straight 

pipe. 

Lots,  in  feet 
of  water  be- 
tween pie- 
zometers. 

Loss,  In  feet 
of  water 
when  total 

length, 

CL=101.98 

feet. 

Loss  in 

101.98  feet 

of  straight 

pipe. 

Difference 
(5-6). 

1 

16.60 

.1265 

12.67 

•14.43 

12.90 

1.53 

2 

15.26 

.1060 

10.78 

12.28 

11.01 

1.27 

3 

14.50 

.0080 

9.83 

11.19 

9.99 

1.20 

4 

13.64 

.0678 

8.72 

9.94 

8.95 

0.99 

5 

9.26 

.0425 

4.16 

4.75 

4.33 

0.42 

6 

10.50 

.0535 

5.27 

6,01 

5.46 

0.55 

7 

6.56 

.0223 

2.16 

2.47 

2.27 

0.20 

8 

4.99 

.0138 

1.26 

1.44 

1.36 

0.08 

9 

3.44 

.0067 

0.63 

0.72 

0.68 

0.04 

10 

16.62 

.1267 

12.77 

14.53 

12.92 

1.61 

OL  leiwth=87.75. 

GUBTI  No.  9. 

1=2.126. 

16.63 

.1268 

12.82 

14.62 

12.% 

1.60 

16.40 

.1281 

12.33 

12.66 

12.50 

0.07 

15.46 

.1100 

11.67 

12.63 

U.2E 

1.41 

14.00 

.6080 

9.18 

10.40 

9.88 

l.U 

16.6§ 

.6544 

5.36 

6.13 

5.15 

0.58 

7.56 

MKt 

8.89 

3.31 

2.98 

0.33 

S.16 

.6112 

1.34 

1^ 

1.45 

0.06 

3.1S 

.60165 

0.62 

0U» 

0.98 

O.Of 

' 

16.61 

.1268 

12.82 

14w62 

12.83 

1.60 
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TABLE  9— Continued 


GUBTB  No.  10. 


GL  leiirth=S6.96. 


1=1.870. 


Na  of  ex- 
periment. 


1 
S 

3 

4 
5 

e 

7 
8 
9 
10 
11 
12 
13 


Mean 

Telocity,  in 

feet  per 

•econd. 


16.63 
16.40 
U.65 
14.48 
12.60 
9.26 
8.70 
7.41 
5.60 
3.97 
2.46 
16.64 
16.66 


Lots  of  head 

per  foot  of 

atraiffht 

pipe. 


Ix)88«in  feet 
of  water  be- 
tween pie- 
zometers. 


.1268 

12.77 

.1236 

12.44 

.1170 

11.38 

.0078 

9.73 

.0768 

1.48 

.0425 

4.07 

.0377 

3.62 

.0280 

2.89 

.0165 

1.58 

00873 

0.80 

.00358 

0.30 

1200 

12.77 

1271 

12.73 

Lose,  in  feet 
of  water 
when  total 

length, 

Ol.=101.98 

feet. 


14.67 
U.29 
13.14 
11.25 
8.62 
4.71 
4.19 
3.31 
1.81 
0.93 
0.35 
14.68 
14.64 


Loss  in 

101.98  feet 
of  stralirht 
x^pe. 


12.93 
12.59 
U.03 
9.97 
7.73 
4.33 
3.84 
2.86 
1.68 
0.89 
0.36 
12.94 
12.96 


Difference^ 
(6-«). 


1.74 
1.70 
1.21 
1.28 
0.89 
0.38 
0.35 
0.45 
0.15 
0.04 
-4).01 
1.74 
1.68 


CI.  lenffth=88.l 


OUBYA  No.  11. 


r=l-732. 


16.59 

.1263 

13.20 

f    U.86 

12.88 

1.96 

15.53 

.1135 

11.64 

13.13 

11.67 

1.56 

12.40 

.0731 

7.63 

8.50 

7.45 

1.04 

8.90 

.0400 

4.08 

4.55 

4.06 

0.47 

8.41 

.0355 

3.46 

3.98 

3.62 

0.31 

7.75 

.0805 

3.08 

3.43 

3.11 

0.32 

7.07 

.0256 

2.54 

2.88 

2.61 

0.27 

5.41 

.0156 

1.51 

1.71 

1.60 

0.12 

3.78 

.0080 

0.70 

0.80 

0.82 

-0.02 

10 

2.87 

.0048 

0.40 

0.46 

0.49 

-O.OB 

11 

16.56 

.1257 

13.15 

14.80 

12.82 

1.98 

12 

16.58 

.1261 

13.22 

U.88 

12.86 

2.08 

13 

13.60 

.0676 

8.09 

.10.14 

8.93 

1.21 
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TABLE  0— Continued 


CUBVS  No.  12. 


OL  leivtii=M.26. 


r=i.si». 


1 

% 

S 

4 

5 

6 

T 

No.  of  ex- 
periment. 

Mean 

Telocity, 

in  feet  per 

second. 

Loss  of  head 

per  foot  of 

straUrht 

pipe. 

Loss,  in  feet 
of  water  be- 
tween pie- 
zometers. 

Loss,  in  feet, 
of  water 
when  total 

length, 

Cl.=101.98 

feet. 

Loss  in 

101.98  feet 

of  straljrht 

pipe. 

Differenca 
(5-0). 

16.02 

.1267 

13.15 

15.14 

12.92 

2.22 

16.31 

.1226 

12.68 

14.00 

1?.49 

2.11 

14.66 

.1005 

10.28 

11.86 

10.25 

1.01 

12.01 

.0090 

7.01 

8.09 

7.04 

1.05 

8.92 

.0005 

4.02 

4.04 

4.03 

0.01 

6.43 

.0215 

2.11 

2.45 

2.19 

0.20 

4.21 

.00978 

0.90 

1.05 

1.00 

0.05 

2.74 

.00437 

0.34 

0.41 

0.44 

-^.03 

12.61 

.0759 

7.09 

8.88. 

7.74 

1.14 

10 

16.61 

,1206 

13.15 

15.14 

12.91 

2.23 

TABLE  10. 
Nbt  Lossbs  Dub  to  6  inch  Elbows.    V.  =  10.  Fbjbt  phb  Sqcond. 


Number  of  cnrve. 

Radius  of  bend, 

in  pipe 

diameters. 

Loss  of  head, 
in  feet. 

11 

1.32 

1.7a 

1.87 

2.13 

2.0^ 

3.94 

4.92    * 

5.91 

7.87 

9.84 
14.70 
19.08 

0.70 

It 

0.57 

10 

0.51 

9. 

0.51 

8. 

0.49 

7 

0.48 

0. 

0.43 

5. 

0.51 

4. 

0.52 

Sw 

0.41 

2. ; 

0.38 

t 

0  54 
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BIRMINGHAM  EXPERIMENTS 

Experiments  (m  elbows  and  bends  were  made  at  the  Univer- 
sity of  Birmingham,  England,  by  C.  W.  L.  Alexander,  and  were 
reported  by  him  in  a  paper  presented  before  the  Institution  of 
Civil  Engineers.* 

The  pipes  experimented  upon  were  made  of  varnished  wood 
and  were  1^  inch  in  diameter.  The  piezometers  were  placed 
only  6  inches  (4.8  diameters)  from  the  ends  of  the  curves. 

The  loss  of  head  in  a  section  of  straight  wooden  pipe  waa  de- 
termined, before  making  the  curve  experiments,  by  fitting  three 
piezometers  379.5  millimeters  apart,  and  taking  readings  be- 
tween the  two  extreme  piezometers  and  between  adjacent  ones. 

Having  obtained  the  loss  of  head  per  unit  length  of  straight 
pipe,  a  table  was  prepared  showing  the  loss  of  head  at  dif- 
ferent velocities  for  lengths  of  straight  pipe  equal  to  the  length 
of  the  center  line  between  the  piezometers  on  each  of  ithe 
wooden  bends,  and  from  these  figures  a  curve  was  plotted  for 
each  bend. 

Similarly  curves  were  plotted  showing,  for  each  bend,  the 
actual  losses  of  head  between  the  piezometers;  and  thus  that 
part  of  the  loss  due  to  the  bend  could  be  at  once  read  off,  be- 
ing represented  by  the  difference  of  the  abscissas  of  the  two 
curves.  When  this  had  been  done,  and  the  net  losses  due  to 
the  bend  had  been  plotted  logarithmically  it  appeared  that  tiie 
loss  of  head  due  to  the  bend  is  of  the  same  nature  as  that  in 
the  straight  pipe  and  obeys  similar  laws;  a  formula  of  the  form 
h=k  ▼'  having  the  same  value  of  the  exponent  x  for  a  curved 
pipe  as  for  a  straight  one.  Such  was  not  the  case  for  the 
Wisconsin  and  Cornell  experiments,  nor  in  Mr.  Brightmore's 
experiments. 

The  author  does  not  consider  the  absolute  amounts  of  the 


*Min.  of  Proceedings,  Vol.  159,  p.  341  (1904). 
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losses  of  head  due  to  right-angle  bends  obtained  in  these  ex- 
periments to  be  correct,  for  the  following  two  reasons: 

1.  The  first  piezometer,  for  perfectly  accurate  results,  should 
have  been  preceded  by  a  much  greater  length  of  the  wooden 
pipe,  because  apparently  the  2  inches  length  was  insuflScient 
to  restore  the  water  to  a  normal  condition  of  flow  before  ^it 
reached  the  piezometer.  Even  although  the  entrance  disturb- 
ance in  most  cases  was  small,  through  the  connection  with  the 
iron  pipe  having  been  carefully  made,  it  probably  was  present 
in  every  instance  to  some  extent,  while  for  bends  Nos.  2,  3  and 
4  it  was  very  marked. 

2.  The  second  piezometer  should  have  been  farther  away 
from  the  end  of  the  bend  to  allow  the  disturbances  set  up  by 
the  bend  to  complete  their  effect.  The  loss  of  head  must  have 
been  greater  than  that  given  by  the  piezometer  readings. 

The  general  conclusions  reached  from  the  experiments,  how- 
ever, agree  with  those  drawn  from  the  Wisconsin  experiments. 
These  conclusions  are  stated  by  Mr.  Alexander  as  follows: 

**The  absolute  loss  due  to  the  curve  decreases  rapidly  from 
the  elbow,  No.  11,  to  bend  No. .  6,  the  radius  of  which  is  five 
times  the  radius  of  the  bore  of  the  pipe,  and  that  it  thereafter 
commences  to  increase." 

**The  loss  is  dependent  on 

(1)  The  roughness  of  the  pipe. 

(2)  The  hydraulic  radius  of  the  pipe. 

(3)  The  curvature  of  the  bend. 

(4)  The  length  of  the   bend  measured  along  the   center 

line." 
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WBISBACH'S  EXPERIMENTS 

So  far  as  is  shown  by  his  published  results,  the  experiments 
of  Julius  Weisbach  were  all  made  upon  pipes  less  than  2% 
cm.  in  diameter  and  most  of  them  with  very  small  velocities  of 
flow.  In  most  of  the  experiments  there  was  no  straight  pipe 
down  stream  from  the  elbow  and  in  those  rases  where  there 
was,  it  was  too  short  to  include  all  the  elbow  loss.  He  made 
some  experiments  on  pipes  of  larger  diameter,  but  the  results 
have  apparently  never  been  printed.  The  published  results 
of  Weisbach 's  experiments  do  not  show  that  any  curve  of  ra^ 
dius  greater  than  1  diameter  of  pipe  were  usec'^  although  some 
greater  ones  were  doubtless  used  in  his  unpublished  work. 
These  experiments  together  with  a  few  made  by  Dubaut,  all 
on  pipes  less  than  2.2  inches  in  diameter,  served  as  the  basis 
of  Weisbach 's  formula  which  has  been  adopted  by  most  texv 
book  authors. 

Weisbach 's  formula  gives  losses  much  larger  than  were  ob- 

served  in  the  Wisconsin  experiments  for  small  values  of  ~ 

d 

and  smaller  losses  for  large  values  of  — . 
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PLOW  OF  STRF.AMS  AND  THE  FACTORS  THAT  MODIFY 

FF  WFni  SFFCLVL  REFFRFNCE  TO 

WISCONSIN'  CONDITIONS 


INTRODUCTION 

The  quantity  and  regularity  of  stream  flow  and  its  variations 
are  matters  of  much  importance  in  hydraulic  engineering,  and 
equally  so  to  many  of  the  business  interests  and  enterprises 
of  the   State  of  Wisconsin. 

Public  attention  has  recently  been  called  to  various  questions 
relative  to  water  power  and  internal  navigation,  while  ques- 
tions of  water  supply,  drainage,  and  flood  protection  are  no 
less  important  to  the  public  welfare.  One  of  the  most  important 
elements  in  the  solution  of  all  of  these  problems,  and  of  many 
others  almost  equally  important,  is  the  condition  of  stream  flow 
or  runoff.  The  application  of  storage  for  the  prevention  of 
floods  and  for  the  promotion  of  uniformity  of  flow  for  naviga- 
tion, power  and  water  supply  purposes,  has  been  much  discussed, 
and  many  opinions  have  been  expressed  as  to  its  possibility, 
desirability,  and  value.  The  value  of  forests  for  increasing  or 
equalizing  stream  flow  has  been  widely  discussed,  and  opinions 
greatly  at  variance  have  been  expressed  both  favorable  and  un- 
favorable to  such  influences.  It  has  also  been  suggested  that 
water  powers  of  the  state  be  taxed  to  provide  for  the  reforesting 
of  the  head  waters  of  the  streams  on  the  theory  of  direct  benefit, 
and  bills  providing  for  such  a  tax  have  been  offered  in  the 
legislature.  The  arguments  that  have  been  presented  to  sus- 
stain  the  various  opinions  that  have  been  expressed  on  many 
of  these  questions  have  seldom  been  satisfactory  or  conclusive, 
except  to  their  authors.    Much  incomplete  and  half-considered 
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data  have  been  offered  to  sustain  the  contention  of  the  advocates- 
of  both  sides  of  many  of  the  debatable  questions,  and  in  few 
cases  have  the  arguments  been  based  on  such  complete  data  that 
the  conclusions  have  not  been  open  to  serious  question.  In 
many  cases  the  advocates  of  various  theories  have  apparently 
sought  only  for  such  data  as  would  support  their  personal 
views,  and  have  minimized  or  ignored  the  data  that  might 
suggest  a  contrary  view  of  the  question  at  issue. 

It  has  appeared  to  the  writer  that  while  most  of  the  questions 
at  issue  are  exceedingly  complicated,  and  while  the  data  avail- 
able for  the  solution  of  these  problems  are  more  or  less  incom- 
plete and  unsatisfactory,  yet  a  careful  examination  of  such 
data,  in  considerable  detail,  on  scientific  lines  might  lead  ta 
definite  and  well  substantiated  conclusions,  at  least  in  regard  tb 
a  limited  area.  With  this  idea  in  view,  the  writer  has  made 
a  somewhat  detailed  study  of  this  subject  with  special  regard 
to  the  conditions  prevailing  in  the  State  of  Wisconsin;  and 
while  the  data  examined  and  considered  are  too  numerous  to 
present  in  print,  he  has  endeavored  to  select  certain  typical 
locations  from  which  data  were  available  and  has  endeavored 
to  present  the  study  of  the  conditions  that  prevail  therein  in 
sufficient  detail  to  warrant  the  opinions  expressed  in  his  con- 
elusions.  In  most,  if  not  in  every  case  cited,  the  data  on  which 
the  opinions  rest  are  presented  so  completely  that  the  rationale- 
of  his  conclusions  can  readily  be  understood.  Where  the  data, 
have  not  been  presented,  the  source  from  which  they  were  ob- 
tained and  from  which  they  can  readily  be  verified  has  been 
stated. 

The  writer  would  by  no  means  have  it  understood  that  he 
has  not  had  definite  opinions  on  many  of  these  subjects,  but  he- 
has  approached  this  study  with  an  open  mind  and  with  a  strong 
desire  to  ascertain  the  truth,  in  whatever  form  it  might  appear. 
His  personal  interest  in  hydrological  science  and  in  practical 
hydraulic  developments  makes  it  most  important  to  him  that 
the  truth  be  determined  if  possible. 

If  forests  will  improve  the  regularity  of  streams  and  pre- 
vent floods,  if  they  will  conserve  and  increase  the  low  water 
flow,  if  they  will  prevent  denundation  and  increase  the  depth 
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of  streams,  it  is  most  important  that  these  facts  be  known.  If,  on 
the  other  hand,  such  effects  are  purely  imaginative  or  unim- 
portant, it  is  equally  important  that  that  fact  be  known  so  that 
unjust  laws  and  useless  expense  shall  be  avoided. 

If  it  is  practically  possible  to  construct  reservoir  systems  on 
the  head  waters  of  some  or  all  of  the  streams  of  the  state,  and, 
by  storage,  to  economically  regulate  their  flow  and  radically  in- 
crease the  available  low  water  power  of  the  streams  and  their 
availability  for  navigation  purposes,  such  facta  and  their  limita- 
tions are  of  great  importance  to  the  citizens  of  the  state.  The 
effects  of  the  draining  of  swamps  and  of  wet  land,  the  cultiva- 
tion of  agricultural  lands,  and  of  various  other  artificial  changes 
in  normal  conditions  should  also  be  known  and  appreciated  in 
order  that  their  effects  may  be  obviated  if  harmful,  or  em- 
phasized if  beneficial,  to  as  great  a  degree  as  possible. 

This  study  of  Wisconsin  hydrological  conditions  has  been 
made  with  the  importance  of  these  matters  fully  understood, 
and  with  the  most  earnest  desire  for  the  determination  of  the 
truth  of  these  theories.  It  is  unfortunate  that  more  complete 
data  have  not  been  available,  and  that  data  have  not  been  avail- 
able on  a  greater  number  of  streams.  It  is  believed,  however, 
that  the  conclusions  drawn  are  fully  warranted  by  the  data 
available  and  that  a  more  complete  study  would  only  emphasize 
the  facts. 

It  should  be  understood  that  the  conclusions  reached  are  held 
for  Wisconsin  conditions  only  and  for  other  locations  strictly 
comparative  therewith.  It  is  hoped  that  similar  studies  will  be 
made  in  other  parts  of  the  country  and  Tinder  other  conditions 
so  that  the  broad  principle  of  hydrology  may  be  better  under- 
stood and  appreciated.  General  principles  have  been  illustrated 
wherever  possible  from  data  and  diagrams  already  available, 
for  neither  the  time  nor  the  funds  has  been  available  to  collect 
the  necessary  data  from  Wisconsin  for  the  satisfactory  illustra- 
tion of  all  of  the  principles  involved  in  this  discussion. 

The  thanks  of  the  writer  are  due  to  Dean  F.  E.  Tumeaure 
for  various  valuable  suggestions;  to  W.  C.  Devereaux,  Fore- 
caster of  the  U.  S.  Weather  Bureau,  L.  M.  Mann,  U.  S.  Assistant 
Engineer,    and   Lieutenant   C.    H.   Knight,    Secretary   of   the 
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Mississippi  Commission,  for  furnishing  valuable  data,  also  to- 
numerous  assistants  who  have  aided  in  the  calculations  and 
diagrams. 

THE  STUDY  OF  COMPLEX  PHENOMENA 

In  considering  many  of  the  simpler  natural  phenomena  the 
relations  between  cause  and  effect  are  so  direct  as  to  be  readily 
understood  and  appreciated.  The  very  simplicity  of  such  rela- 
tion is  apt  to  be  misleading  w^hen  more  complex  phenomena  are 
under  investigation,  and,  in  consequence,  undue  weight  is  often 
given  to  some  single  influence  that  may  be  only  one  of  many 
which  modify  or  control  the  results  under  consideration. 

By  complex  phenomena  are  meant  those  in  which  the  effect  is 
modified  by  numerous  causes,  each  influencing  the  ultimate  re- 
sult not  only  in  accordance  with  its  own  character  and  in- 
tensity, but  also  in  accordance  with  the  relative  character  and 
intensity  of  other  coordinate  influences.  The  effect  in  such 
cases  may  be  regarded  as  the  resultant  of  numerous  forces,  and 
the  weight,  importance,  and  effect  of  each  must  be  carefully 
differentiated  in  order  that  its  relative  importance  may  be 
rightly  understood  and  clearly  appreciated.  Most  meteorologi- 
cal and  climatic  problems  are  of  this  class;  and  many  of  such 
problems  are  so  involved  in  character,  the  factors  that  modify 
their  occurrence  are  so  complicated  and  so  irregular,  and  they 
are  often  so  modified  by  unappreciated,  and  perhaps  by  unknown 
causes,  as  to  make  their  occurence  appear  to  the  limited  vision 
of  the  casual  observer  as  devoid  of  law  and  beyond  the  possible 
knowledge  of  mankind. 

COMMON  ERRORS  IN  THE  CONSIDERATION  OF 
COMPLEX  PROBLE]\rS 

The  first  common  error  in  the  consideration  of  such  problems 
is  the  assumption  of  a  simplicity  of  the  relations  between  cause 
and  effect  that  is  not  warranted  by  fact.  The  second  common 
error  is  the  assumption  that  when  a  certain  cause  is  operative 
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under  one  set  of  conditions  that  it  is  operative  to  a  similar  de* 
gree  under  all  other  conditions.  A  third  common  error  is  some- 
times due  to  the  confusion  of  cause  and  effect,  or  in  attributing 
the  cause  to  the  effect  instead  of  the  true  relation  of  the  effect 
to  the  real  cause. 

The  relation  of  the  rainfall  to  the  amount  and  distribution 
of  water  flowing  from  any  given  drainage  area  is  a  complicated 
problem.  The  flow  from  an  area  is  so  directly  dependent  on  the 
rainfall  thereon  that  it  seems  that  some  simple  and  constant 
relation  should  be  ascertainable  between  the  quantities  of  each. 
A  brief  investigation,  however,  shows  that  the  modifying  con- 
ditions are  manifold  and  that  the  relative  importance  of  each 
influence  varies  even  more  widely  than  the  apparent  range  in 
the  conditions.  These  influences  are  so  numerous,  and  their 
modif>'ing  effect  on  one  another  is  so  direct  and  important,  that 
no  general  and  constant  relation  exists  between  any  one  in- 
fluence and  the  ultimate  results.  These  facts  have  led  to  many 
misinterpretations  and  erroneous  conclusions  in  the  attempt  to 
establish  simple  relations  which  cannot  from  the  nature  of  the 
case  exist. 

It  is  the  purpose  of  this  bulletin  to  point  out  the  numerous 
influences  and  their  intimate  relations;  to  discuss  their  relative 
importance  and  the  reason  for  the  variation  of  the  effects  of 
each ;  to  show  as  clearly  as  possible  the  breadth  of  the  investiga- 
tion necessary  for  sound  conclusions  in  regard  to  such  problems 
and  the  errors  that  are  likely  to  be  entailed  in  any  estimate 
based  on  insufficient  study  and  limited  data;  and  to  point  out 
if  possible  such  conclusions  as  can  be  safely  drawn. 

THE  PROBLEM  OP  RUNOFF 

The  portion  of  the  rainfall  that  is  discharged  in  the  surface 
flow  from  a  drainage  area  is  termed  the  *' runoff"  from  that 
area  and  may  occur,  in  the  case  of  water  flowing  from  areas 
of  considerable  magnitude,  as  a  definite  stream  or,  when  small 
areas  are  considered,  merely  as  the  surface  drainage  not  con- 
fined to  a  definite  channel. 

A  brief  examination  of  the  subject  shows  that  the  factors^ 
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that  modify  and  control  runoflf  are  very  numerous  and  differ  in 
intensity  and  in  effect  with  every  drainage  area  considered. 
While  the  relative  runoff  from  each  area  will  agree  more  or  less 
closely  with  that  of  other  areas  on  which  the  conditions  are 
similar,  there  are  always  variations  which  occur  in  these  con- 
ditions that  make  them  so  dissimilar  as  to  create  greater  or  less 
•difference.  The  causes  of  such  differences  are  not  always 
manifest  as  it  is  often  impossible  to  obtain  a  sufficiently  exact 
knowledge  of  the  detailed  conditions  prevailing  over  an  entire 
•drainage  area  so  that  more  than  approximate  conclusions  can 
be  drawn.  Nevertheless,  a  discussion  of  this  subject,  based  on 
scientific  considerations,  may  so  clearly  set  forth  the  principles 
involved  in  any  specific  case  that  the  dominating  influences  can 
he  clearly  seen  and  the  extent  of  the  influence  of  any  particular 
factor,  if  important,  may  be  quite  clearly  realized  and  appre- 
<5iated. 


BESUME  OF  THE  FACTORS  THAT  MODIFY  OR 
CONTROL  RUNOFF 

The  factors  that  modify  or  control  the  quantity  and  oe- 
•currence  of  the  runoff  from  a  drainage  area  may  be  briefly 
summarized  as  follows: 

1.  Precipitation — 

(a)  Whether  it  occurs  as  rain  or  as  snow. 

(b)  The  amount  of  each,  and  the  total  annual  pre- 

cipitation. 

(c)  Its  distribution  throughout  the  year. 

(d)  Its  intensity  or  manner  of  occurrence. 

(e)  The  character  of  storms,  including  their  direction, 

extent  and  duration. 

2.  Temperature — 

(a)  The  variations  of  temperature  on  the  area. 

(b)  The  relation  of  extreme  temperatures  to  the  oc- 

currence of  precipitation. 

(c)  The  accumulation  of  snow  and  ice,  caused  by  low 

temperatures. 
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(d)  The  occurrence  of  low  temperatures  causing  the 
freezing  of  the  ground  surface  at  times  of  heavy 
spring  rains,  resulting  in  excessive  runoff. 

3.  Topography  of  the  Drainage  Area — 

(a)  As  to  whether  the  surface  is  level  or  inclined,  and 

the  degree  of  inclination. 

(b)  As  to  character  of  area,  whether  smooth  or  rugged. 

4.  Geology  of  Drainage  Area — 

(a)  Whether  pervious  or  impervious. 

(b)  If  pervious,  whether  such  pervious  deposits  are 

(a)  shallow  or  deep;  (b)  level  or  inclined; 
whether  the  outlet  or  point  of  discharge  of  the 
pervious  deposits  are  (c)  in  the  lower  valley  of 
the  same  river,  or  (d)  in  valleys  of  other  rivers, 
or  in  the  sea. 

(c)  As  to  the  condition  of  the  channel  of  the  stream, 

whether  (a)  pervious  or  impervious;  (b) 
whether  or  not  the  bed  contains  more  or  less 
extensive  deposits  of  sand  and  gravel,  permli* 
ting  of  the  development  of  a  more  or  less  ex- 
tensive underflow 

5.  The  Condition  of  the  Surface — 

(a)  Whether  bare  or  covered  with  vegetation. 

(b)  Whether  in  natural  condition  or  cultivated. 

(c)  Nature  of  vegetation,    whether    grassland,    culti- 

vated crops,  or  forests. 

6.  The  Character  of  the  Natural  Storage  on  the  Drainage 
Area — 

(a)  Nature  and  extent  of  surface  storage,  consisting 

of  lakes,  ponds,  marshes,  swamps. 

(b)  Nature  and  extent  of  ground  storage,  consisting 

of  gravel,  sand,  and  other  similar  pervious  de- 
posits. 

7.  The  Nature  of  the  Drainage  Area  Considered — 

(a)  As  to  size,  whether  large  or  small. 

(b)  As  to  shape,  whether  long  and  narrow,  or  short 

and  broad. 
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(c)  The  location  of  the  area   relative    to   prevailing 

winds. 

(d)  The  direction  relative  to  the  path  of  storms. 

8.  Character  of  the  Stream  and  Its  Tributaries — 

(a)  As  to  slope  or  gradient,  whether  flat  or  inclined. 

(b)  As  to  falls  and  rapids  on  the  stream. 

(c)  As  to  the  section  of  the  stream,  whether  deep  or 

shallow. 

(d)  As   to  the  arrangement  of  tributaries,   whether 

joining  the  main  stream  at  various  points  along 
its  course  or  concentrated  in  a  fan-like  arrange- 
ment at  a  more  or  less  common  point  of  dis- 
charge. 

9.  The  Artificial  Control  of  the  Stream— 

(a)  As  to  dams  and  storage  reservoirs  on  the  drain- 

age area. 

(b)  As  to  the  restrictions    of    the  river  sections  by- 

dikes  and  levees. 

(c)  As  to  the  obstruction  of  the  stream  by  piers,  abut- 

ments, and  other  encroachments  in  or  adjacent 
to  the  waterway. 

10.  The  Artificial  Use  of  the  Stream— 

(a)  For  irrigation. 

(b)  For  water  supply. 

(c)  For  the  supply  of  navigation  canals. 

(d)  For  artificial  storage  and  regulation  of  the  same. 

11.  Character  and  Extent  of  the  Winds  on  the  Drainage 
Area — 

(a)  As  to  their  intensity  and  direction. 

(b)  As  to  the  modification  of  the  same  by  mountains 

and  forests. 

12.  Ice  formation — 

(a)  As  modifying  the  winter  flows  of  the  stream. 

(b)  As  to  the  formation  of  ice  gorges  and  their  ac- 

companying floods. 


[1921  ^  , 

Digitized  by  VjOOQ IC 


MEAD — FLOW   OF   STREAMS   AND   FACTORS  THAT   MODIFY    IT        19 


PRECIPITATION 

That  the  runoflf  is  the  direct  result  of  precipitation^  modified 
in  quantity  and  occurrence  by  both  the  quantity  and  occurence 
of  the  precipitation,  by  its  distribution  during  the  year,  and 
by  other  controlling  factors,  is  so  obvious  as  to  require  no  dis- 
cussion. 

Other  factors  being  the  same,  the  runoff  should  and  does  in- 
crease with  the  precipitation  and  should  and  does  vary  in 
amount  and  distribution  with  the  varying  conditions  of  pre- 
cipitation. 

The  study  of  precipitation,  its  distribution  througthout  the 
year,  and  the  variations  in  such  distribution  in  different  years 
and  its  total  annual  amount,  is  most  important  to  a  clear  un- 
derstanding of  the  subject. 

.  The  approximate  amounts  of  the  average  annual  precipitation 
in  the  United  States  are  shown  by  Map  No.  1  (from  Gamett). 
This  map  is  very  general  in  its  nature  and  shows  only  approxi- 
mate average  conditions,  to  which  there  are  many  exceptions, 
which  must  be  considered  in  detail.  Such  a  map  is  of  little 
value  for  the  consideration  of  this  subject,  but  it  gives  in  a 
general  way  the  limits  within  which  the  amount  of  the  annual 
rainfall  is  generally  approximately  equal. 

Causes  Which  Produce  or  Influence  Precipitation 

A  discussion,  in  anything  like  adequate  detail,  of  the  causes 
which  produce  precipitation  and  which  influence  its  distribu- 
tion, its  total  amount,  and  its  variation,  would  be  too  extended 
for  the  purpose  of  this  bulletin.  In  general,  the  source  of  pre- 
cipitation is  the  water  taken  up  by  evaporation  from  wet  sur- 
faces. Tlie  immediate  vicinity  of  large  bodies  of  water  from 
which  the  most  extensive  evaporation  necessarily  takes  place 
is  therefore  one  of  the  most  important  requisites  for  extensive 
precipitation.  In  general,  distance  from  extensive  sources  of 
supply  results  in  a  decrease  in  annual  precipitation.  Theso 
conditions  are,  however,  greatly  modified  by  the  direction  of  the 
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wind.  This  question  can  be  best  discussed  by  some  brief  quota^ 
tion  from  those  who  have  given  this  matter  much  study.  The 
present  opinion  of  meteorologists  on  the  subject  of  causes  of 
rainfall  is  set  forth  by  Blanford  as  follows: 

''As  a  result  of  a  long  study  of  the  rainfall  of  India,  and 
perhaps  no  country  affords  greater  advantages  for  the  purpose, 
I  have  become  convinced  that  dynamic  cooling,  if  not  the  sole 
cause  of  rain,  is  at  all  events  the  only  cause  of  importance,  and 
that  all  the  other  causes  so  frequently  appealed  to  in  popular 
literature  on  the  subject,  such  as  the  intermingling  of  warm 
and  cold  air,  contact  with  cold  mountain  slopes,  etc.,  are  either 
inoperative  or  relatively  insignificant."  {Nature,  XXXIX, 
583). • 

Curtis  in  discussing  this  matter  states: 

'*The  ascentional  movement  of  the  air  requisite  to  dynamic 
cooling  may  be  brought  about  by  three  different  processes;  (1) 
by  convective  currents;  (2)  by  hills  and  mountains;  (3)  by 
cyclonic  circulation;  and  I  classify  rainfall  as  convective, 
orographic,  or  cyclonic,  according  as  it  is  due  to  the  first,  sec- 
ond, or  third  of  these  causes  of  ascentional  movement.  Of  course 
in  some  cases  all  of  these  may  be  operative  at  the  same  time, 
but  for  the  purposes  of  analysis  they  will  be  separately  con- 
sidered. 

*'In  a  region  of  purely  convective  rainfall,  the  circulation  is 
primarily  vertical,  and  the  moisture  evaporated  is  largely  pre- 
cipitated before  being  carried  away  by  horizontal  currents. 
Therefore  an  increased  evaporation  will  be  followed  by  an  in- 
creased rainfall.  Consequently  any  change  in  surface  condition 
which  increases  or  diminishes  the  evaporation  will,  in  such  a 
climate,  be  followed  by  a  corresponding  increase  or  decrease  in 
precipitation. 

''In  the  case  of  orographic  rainfall,  currents  that  are  essen- 
tially horizontal  are  forced  to  become  locally  ascending.  The 
moisture  evaporated  in  the  region  lying  in  the  path  of  the 
current  is  partially  or  entirely  precipitated  over  the  region 
where  the  ascensional  movement  is  developed.  Consequently  an 
increased  evaporation  will,    to  a    greater    or    less    extent,  be 


•r.  S.  IX'pt.  Agriculture,  Forestry  Division,  Bui.  7,  pp.  188  et  seq. 
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restored  to  the  basin  by  an  increased  precipitation.  The  extent 
to  which  this  will  take  place,  that  is,  the  proportion  of  tiie  in- 
crease of  moisture  that  will  be  returned  to  the  basin,  will  depend 
on  the  extent  and  height  of  the  mountains  and  the  relative 
frequency  of  the  orographic  rain-bearing  winds.     ♦     ♦     ♦     ♦ 

**The  general  class  called  cyclonic  rainfall  includes  a  great 
variety  of  rain  types  related  to  cyclonic  circulation,  some  oi 
which  are  as  yet  by  no  means  well  understood. 

**In  the  ordinary  progressive  area  of  low  pressure  the  cyclonic 
circulation  is  largely  horizontal,  but  with  an  upward  component. 
This  upward  component  produces  the  usual  rainfall  of  our 
cyclonic  storms.  In  these  storms  the  horizontal  component  of 
the  circulation  is  so  large  that  the  moisture  evaporated  over  one 
region  is  precipitated  over  another.  Consequently  in  regions 
where  rainfall  is  of  this  type,  an  increased  evaporation  in  any 
region  will  not  be  followed  by  an  increased  rainfall  in  that 
same  locality. 

**In  local  thunder  storms  we  have  a  type  of  rain  related  to  a 
cyclonic  circulation  in  which  the  vertical  component  often  be- 
comes very  large,  as  compared  with  the  horizontal  component. 
This  predominating  vertical  component  is  due  to  convection  and 
the  accompanying  rainfall  is  to  be  considered  as  partly  or 
largely  convective.  Convection  induces  and  initiates  a  cyclonic 
circulation  which  may  continue  after  the  direct  convective 
action  has  ceased.     ♦     •     ♦     ♦ 

''The  equatorial  rain  belt  is  the  most  prominent  region  with 
almost  exclusively  convective  rainfall.  The  Brazilian  forest 
region,  the  Aruwhirai  district  of  central  Africa,  the  Malaysian 
Archipelago,  and  the  valley  of  Upper  Assam  in  India  are  in 
or  near  this  belt.  They  have  light  winds,  and  the  moisture 
evaporated  from  the  surface  is  precipitated  before  being  carried 
to  any  considerable  distance  by  horizontal  currents.  Under 
these  conditions  an  increase  or  decrease  in  the  evaporation  will 
be  followed  by  an  increase  or  decrease  in  rainfall.     •     •    • 

**Blaiiford  estimated  that  for  the  Aruwhimi  district  probably 
over  half  of  the  rainfall  is  due  to  the  direct  restoration  of  the 
moisture  evaporated.    ♦    ♦     • 

'*  Bordering  on  each  side  of  the  equatorial  belt  are  the  regions 
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of  the  trades,  wliicb,  over  the  ocean,  are  almost  rainless;  but 
over  intercepting  land  areas,  such  as  Central  American  and  the 
Antilles,  considerable  rainfall  occurs.  This  is  frequently  dit- 
ficult  to  analyze,  but  it  is  largely  convective  and  in  hilly  regions 
partly  orographic.  The  seasonal  distribution  shows  that  the 
rainfall  is  intimately  related  to  the  annual  oscillation  of  the 
Umits  of  the  trade  wind,  and  that  the  rainy  season  requires  a 
special  explanation.  "With  the  exception  of  the  well-known 
tropical  cyclones  of  the  seas,  the  distribution  of  pressure  ovei 
the  trade  region  is  unfavorable  to  the  development  of  a  cyclonic 
circulation,  and  consequently  cyclonic  rainfall  is  seldom  pre- 
sented.    •     •     • 

*' Passing  from  the  region  of  trades,  we  reach  latitudes  fav- 
orable to  cyclonic  development.  Here  convective  and  cyclonlu 
action  are  frequently  combined.  In  the  warmer  latitudes  and 
in  the  summer  season,  the  equilibrium  of  the  atmosphere  be- 
comes imstable  and  convection  currents  are  set  up  which  induce 
an  incipient  cyclonic  circulation.  Then  there  is  a  combined 
convective  and  cyclonic  rainfall.  As  we  go  northward  the  di- 
rect convective  feature  of  the  rainfall  becomes  less  prominent, 
and  the  purely  cyclonic  rainfall  predominates.  Over  the  whole 
region  orographic  rainfall  is  added  to  the  other  two  classes 
when  hills  or  mountains  are  situated  in  the  path  of  moisture- 
laden  currents.  With  this  general  statement  the  further  exam- 
ination of  the  effect  of  surface  conditions  on  the  rainfall  in 
middle  latitudes  must  be  applied  to  concrete  cases. 

**In  the  United  States  the  Great  Plains  region  of  Kansas, 
Nebraska,  and  the  Dakotas  is  that  for  which  a  variation  in  rain- 
fall has  most  often  been  claimed  or  anticipated.  !Many  settlers 
believe  that  the  so-called  ** rain-belt*'  is  moving  rapidly  west- 
ward with  the  extension  of  cultivation  and  settlement. 

**The  single  condition  favorable  to  such  an  increase  of  rain- 
fall consists  in  the  steadier  and  larger  evaporation  which  no 
doubt  takes  place  over  the  cultivated  area,  but  the  other  condi- 
tions necessary  to  condense  and  precipitate  this  moisture  over 
the  same  region  are  largely  absent.  There  are  no  hills  or  moun- 
tains to  produce  orographic  rainfall,  and  without  these  barriers 
the  high  winds  constantly  carry  away  the  moisture  evaporatea 
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from  the  surface  and  precipitate  it  far  to  the  eastward.  Henct, 
not  only  is  the  increased  moisture  in  the  air  but  a  small  frac- 
tion of  the  total  rainfall,  but  also  only  a  small  portion  of  this 
is  gathered  into  convective  or  cyclonic  currents  and  restored 
again  by  them  to  the  prairie  soil.  Evidently  a  small  amoimt 
must  be  thus  restored  in  every  summer  rain  and  the  total  rain- 
fall increased  thereby,  but  quantitatively  this  must  be  very 
smaU." 

Moore  has  pointed  out  the  main  controlling  factors  influenc- 
ing rainfall  in  "Wisconsin  and  in  the  Eastern  United  States  as 
follows: 

•**  Before  one  can  get  a  comprehensive  idea  of  the  magnitude 
of  the  problem  involved  in  the  creation  of  floods  of  the  United 
States,  it  will  be  necessary  for  him  to  first  study  Figure  2, 
which  gives  a  typical  illustration  of  the  cyclonic  storms  that 
frequently  form  on  the  Rocky  Mountain  Plateau,  either  on  its 
northern,  central,  or  southern  portions.  Under  the  influence  of 
gravity  air  flows  from  regions  where  the  pressure  is  great 
toward  the  regions  where  it  is  less.  In  the  case  illustrated  by 
Figure  2  the  atmosphere,  as  indicated  by  the  direction  in  which 
the  arrows  point,  is  flowing  from  the  region  marked  **high,*' 
which  is  central  over  the  Carolinas,  toward  the  region  where 
the  pressure  is  low,  which  is  central  over  Montana,  and  the 
vaporous  atmosphere  that  rises  from  the  Gulf  of  Mexico  and 
the  adjacent  ocean  is  carried  far  into  the  interior  of  the  conti- 
nent. Conditions  similar  to  these  occur  many  times  each  month, 
and  as  a  result  the  eastern  and  central  portions  of  the  United 
States  are  bathed  in  a  succession  of  rains  which,  as  shown  by 
Figure  1,  gradually  thin  out  and  largely  disappear  on  the  east- 
ward edge  of  the  Rocky  Mountain  Plateau,  because  the  currents 
of  air  from  the  Gulf  of  Mexico  do  not  reach  farther  inland." 

It  is  sometimes  pointed  out  that  in  the  United  States  the  pre- 
cipitation decreases  with  the  elevation  of  the  surface  above  sea 
level,t  as  proof  of  which  the  distinct  decrease  in  precipitation 
from  the  Atlantic  Coast  to  the  mountains,  following  a  somewhat 
corresponding  increase  in  altitude,  is  offered.    What  portion  of 


•Report  on   The  Influence  of  Forestfi  on  Cllmnte  and  on  Floods,  r.  20.    Gov- 
ernm«*nt  Printing  Office.  Washington,  19  lo. 
t  Bulletin  C,  U.  S.  Weather  Bureau,  P.  13. 
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this  effect  is  due  to  altitude  and  what  portion  is  due  to  distance 
from  the  source  of  supply  is  uncertain,  but  the  above  discus- 
sion by  Moore  would  seem  to  indicate  that  distance  rather  than 
altitude  is  the  principal  influence.  Evidence  from  the  Pacific 
Coast  would  seem  to  indicate  that  the  higher  elevation  assures 
heavier  precipitation  when  other  conditions  are  equal. 

The  removal  of  aqueous  vapor  by  mountain  heights,  and  the 
decrease  in  precipitation  thereby  in  areas  beyond  such  elevs*- 
tions,  is  also  illustrated  by  the  area  of  the  country  just  east  of 
the  western  mountains.  This  area,  although  near  an  abimdant 
source  of  supply,  is  largely  deprived  of  its  value  by  the  inter- 
vening mountain  ranges. 

The  small  rainfall  in  southern  California,  in  spite  of  its  close 
relation  to  the  Pacific  Ocean,  illustrates  the  necessity  of  favor- 
able wind  currents  in  order  that  adequate  precipitation  shall 
result. 

"What  influence  on  the  amount  and  distribution  of  precipita- 
tion is  exerted  by  minor  physical  conditions  is  somewhat  uncer- 
tain. The  opinion  was  formerly  quite  general  that  the  presence 
of  forests  largely  affected  such  distribution.  Standing  within 
the  shade  of  a  dense  forest  of  mighty  trees,  such  a  conclusion 
might  seem  warranted,  but  if  the  same  forest  be  viewed  from  a 
neighboring  mountain  top,  its  apparent  insignificance  in  con- 
trolling or  even  influencing  such  a  vast  force  seems  conclusive. 
Meteorologists  have  in  general  concluded  that  the  presence  or 
absence  of  forests  has  little  or  no  influence  in  modifying  rain- 
fall.* The  occurrence  of  rain  over  the  dense  forests  of  the  Pa- 
cific Coast  and  in  the  tropics  has  been  even  lately  advanced  as 
an  argument  in  proof  of  the  effect  of  forests  on  rainfall  under 
at  least  special  conditions.  It  is  evident,  however,  that  the 
forests  are  due  to  suitable  rainfall  conditions,  and  it  is  fair  to 
assume,  unless  further  evidence  is  produced,  that  the  forests  are 
due  to  the  prevailing  rainfall  conditions  rather  than  that  the 
rainfall  is  due  to  the  existing  forests.  It  would  seem  that  in 
this  case  cause  and  effect  are  somewhat  confused  in  .the  minds 
of  the  observers. 


•See  "MeteoroloaV'—ThomaB  RasBell.  P.  86. 

"ForeBt  and  RatnfaW — H.  A.  Hazen,    Monthly    Weather   Review,    1897, 

P.  895. 
"The   Relation    of   ForetU   to    Rainfall"— W.     F.     Habbard,     Monthly 

Weather  Review,  1906,  P.  24. 
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Variation  in  Annual  Precipitation 

The  variations  that  occur  in  the  total  annual  precipitation 
and  in  its  distribution  are  still  more  difficult  to  trace.  The  in- 
vestigator must  confine  himself  largely  to  a  study  of  the  actual 
variation  and.  the  actual  distribution,  endeavor  to  determine 
their  limits  and  the  effects  due  to  them. 

The  average  or  mean  conditions  of  precipitation  are  of  only 
•general  importance.  The  extreme  conditions  are  those  most  di- 
rectly modifyin<j  runoff,  hydraulic  problems  and  works  of 
all  classes.  A  water  supply,  for  whatever  purpose,  should  be 
constant  in  quantity  or  vary  only  as  the  demand  for  water 
varies;  otherwise  constant  service  will  be  interrupted  or  must 
depend  on  other  provisions;  hence  the  occurrence  of  minimum 
■conditions  will  largely  modify  the  nature  and  extent  of  works 
intended  to  conserve  and  equalize  such  supplies.  The  maximum 
precipitation  resulting  in  extreme  flood  flows  must,  on  the  other 
band,  modify  works  intended  for  escapement  and  flood  protec- 
tion. 

The  question  is  frequently  raised  as  to  whether  or  not  the 
total  annual  rainfall  is  increasing  or  decreasing,  and  many  be- 
lieve that  the  removal  of  forests  has  a  detrimental  effect  and 
that  the  cultivation  of  ground,  and  especially  irrigation,  has 
increased  the  annual  rainfall.  Meteorologists  are  generally  of 
the  opinion  that  the  causes  which  influence  rainfall  are  too  great 
and  too  far-reaching  to  be  modified  by  any  possible  works  of 
man,  and  the  records  seem  to  bear  out  this  opinion.  Figure  3* 
shows  the  progressive  mean  of  the  rainfall  in  various  sections 
of  the  United  States  for  a  considerable  period  of  years,  and  il- 
lustrates the  fact  that  in  every  section  the  rainfall  is  subject  to 
considerable  variations.  From  this  diagram  it  is  readily  seen 
that  if  the  rainfall  record  for  only  a  limited  series  of  years  is 
considered,  conclusions  might  be  readily  drawn  from  almost 
every  section  that  the  rainfall  is  increasing  or  decreasing,  ac- 
cording to  the  data  selected.  For  example,  from  the  diagram 
of  the  rainfall  of  New  England,  a  continued  increase  is  noted 
from  the  year  1838.  when  the  progressive  mean  was  8.8  inches 


•  See  Note  1.    rnge  14S. 
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below  the  mean  for  the  period,  to  the  year  1890  when  the  pro- 
gressive mean  was  7.5  inches  above  the  mean  for  the  period; 
while  from  1890  to  1907  there  is  a  continued  decrease  in  the 
progressive  mean  of  over  ten  inches.  In  Wisconsin,  from  the 
year  1840  to  1881,  an  increase  of  13.5  inches  in  the  progressive 
/nean  is  shown,  while  the  years  1881  to  1902  show  a  decrease  of 
12  inches.  The  progressive  mean  for  Charlestown,  based  as  it 
is  on  the  observations  at  a  single  station,  shows  even  greater 
variations.  The  increase  from  1850  to  1877  is  43.5  inches  ana 
the  decrease  from  1877  to  1898  is  39  inches.  It  is  evident  there- 
fore that  to  demonstrate  either  an  actual  increase  or  decrease 
in  the  mean  annual  rainfall,  records  are  required  for  a  much 
longer  period  than  is  available  in  the  United  States  or  else- 
where. 

The  long  periods  during  which  the  progressive  mean  is  some- 
times below  or  above  the  mean  for  the  period  should  also  be 
noted.  For  example,  in  New  England  the  progressive  mean 
was  below  the  mean  for  the  period  for  26  years  from  1833  to 
1859,  and  above  for  the  23  years  from  1859  to  1882.  In  Wis- 
consin,  the  progressive  mean  was  above  the  period  mean  for  20 
years  from  1867  to  1887,  and  below  the  mean  for  the  ten  years 
from  1892  to  1902.  Usually,  however,  the  departure  in  one 
direction  is  for  more  limited  periods,  as  an  examination  of  the 
various  curves  will  show.  The  error  that  must  therefore  occur 
in  drawing  any  conclusions  from  a  short  series  of  observations 
is  manifest. 

Tliese  diagrams  of  mean  rainfall,  together  with  much  longer 
records  in  foreign  countries,  lead  to  the  conclusion  that  while 
considerable  variations  must  be  expected,  yet  such  variations  are 
within  certain  limits,  and  that  a  record  of  forty  years  will  give 
a  mean  from  which  the  mean  of  any  other  similar  period  will 
hardly  depart  more  than  a  few  percent.  While  geological  re- 
search shows  conclusively  that  great  changes  in  climatic  condi- 
tions have  taken  place  in  times  past,  and  undoubtedly  will  take 
place  in  the  future,  yet  these  changes  have  occupied  thousands 
of  years;  and  while  the  records  of  centuries  may  show  varia- 
tions in  rainfall  conditions,  yet  so  far  as  the  life  of  man  is  con- 
corned,  the  variations  in  annual  rainfall  are  due  essentially  to 
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the  great  swing  in  the  pendulum  of  conditions,  the  cause  of 
which  we  know  not  but  which  we  can  confidently  expect  when 
extremes  are  reached  to  gradually  revert  to  the  opposite  condi- 
tions. In  other  words,  it  is  clearly  evident  that  so  far  as  the 
life  of  man  is  concerned,  the  rainfall  conditions  remain  essen- 
tially unchanged  except  for  the  variations  from  average  con- 
ditions,  the  extent  of  which  can  be  fairly  well  established  by  an 
examination  of  available  records.  In  the  changes  of  ages,  the 
character  of  which  we  have  not  suflScient  data  to  recognize,  man- 
kind has  no  practical  interest. 

Variation  in  Annual  PREOiprrATioN  in  Wisconsin 

Having  briefly  discussed  the  general  variations  in  annual 
rainfall,  it  is  essential  to  the  subject  to  examine  the  local  condi- 
tions in  Wisconsin  in  greater  detail.  Figure  4*  shows  both  the 
actual  departure  from  the  mean  for  the  recorded  period  of  rain- 
fall observations  at  various  stations  in  or  near  Wisconsin,  and 
the  progressive  mean  during  such  period.  It  will  here  be  noted 
that  the  variations  in  the  annual  rainfall,  even  in  the  limited 
area  considered,  are  not  synchronous.  The  period  of  maximum 
rainfall  at  Milwaukee  was  from  1874  to  1879,  while  at  Madison 
it  was  from  1878  to  1886.  While  in  some  cases  a  certain  simi- 
larity exists  in  the  progressive  mean,  in  no  two  cases  are  the 
variations  uniformly  parallel.  The  records  of  precipitation 
show  not  only  a  considerable  variation  in  the  annual  amount, 
but  also  show  (see  Figures  5  and  6)  that  the  annual  distribu- 
tion throughout  the  state  is  never  the  same.  It  is  seen  from 
these  maps  that  the  rainfall  does  not  only  vary  from  year  to 
year  at  any  given  locality,  but  the  variations  in  adjoining  locali- 
ties are  often  in  opposite  directions.  As  the  variation  in  run(^ 
from  any  drainage  area  must  be  due  to  variation  in  the  rainfall 
at  all  points  on  such  area,  the  data  from  which  the  net  results 
must  be  deduced  are,  from  any  extensive  drainage  area,  conse- 
quently very  complex. 

The  variation  in  the  total  quantity  of  the  annual  precipita- 
tion on  any  drainage  area  is  frequently  very  great,  although  it 
is  usually  less  so  than  at  any  particular  station.     At  Madison 


•  See  Note  2.    Page  149. 
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Fig.  5.— Annual  Distribution  of  Rainfall  in  Wisconsin. 
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Fig.  fi.— Annual  Distribution  of  Rainfall  in  Wisconsin. 
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(see  Figure  7),  in  the  last  twenty-five  years,  the  extreme  varia- 
tions in  the  total  annual  rainfall  have  been  from  a  minimum  of 
thirteen  inches  to  a  maximum  of  fifty-two  inches,  the  minimum 


I  i  i 

riliCTUATION     or     annual     rainfall     at     MA0I80N,  WIS. 

PIG.  7. 


being  only  twenty-five  per  cent  of  the  maximum  (see  also  Fig- 
ure 4).  Broadly  speaking,  such  a  variation  is  unusual  for,  as 
a  general  rule  in  the  upper  Mississippi  valley,  the  Tninimnm 
rainfall  is  usually  about  fifty  per  cent,  of  the  maximum.  Such 
wide  variations  in  the  annual  precipitation  have  a  direct  and 
radical  effect  on  the  annual  runoff. 

Variation  in  Monthly  Precipitation 

The  percentage  of  variations  in  any  monthly  period  is  always 
very  much  greater  than  for  the  annual  period  in  the  same  local- 
ity. This  is  very  well  illustrated  by  the  record  of  precipitation 
at  Madison,  Wisconsin.  (See  Table  I.)  Here  the  monthly 
rainfall  varies  from  a  minimum  of  merely  a  trace  (see  Aprils 
3877)  to  a  maximum  of  9.47  inches  (see  July,  1881). 

The  great  variation  in  the  monthly  precipitation  and  the 
great  departure  of  the  extreme  from  the  mean  conditions  are 
shown  by  the  graphic«l  diagram  of  the  fluctuations  of  monthly 
rainfall  at  ^ladison  v^^^ignre  8). 
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FLUCTUATION     OF      MONTHLY      RAINFALL     AT      MADISON,   WIS. 

FIG.  8. 
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Table  I. — Precipitation  at  Madison,  Wisconsin 


Year. 

Jan. 

Feb.' Mar. 

1 

Apr. 

Majr   June 

July 

Auff.Sept. 

Oct. 

Nov 

Dec. 

Total 

1800 

2.09 

2.»  1  0.70 

3.08 

4.90    6.14 

3.63 

5.92     2.68 

2.66 

2.05 

2.64 

37.53 

1870 

3.35 

1.35  1  3.85 

0.18 

1,0)     1.02 

5.25 

3.85     4.00 
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3.64 
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2.56 
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^ 

1.00  ,  0.30 

3.40      T 

l.Oe     4.77 

3.84 

3.76  I  0.64 

4.12 

2.81 

2.01 

27.67 

0.40 

I.IO 

2.45     2.87 

4.64     4.20 

7.56 

4.28     6.54 

3.78 

0.76 

0.70 

30.54 

1878 

0.79 

2.54 

l.»4 

3.33 

3.91  ,  2.80 

5.91 

0.99 

2.79 

2.50 

6.02 

2.29 

35.21 

1880 

2.75 

1.75 

2.11 

:>.48 

4.45     9.31 
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6.83 
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1.42 
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1.77 

1.65 
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3.61     3.91 

4.01 

3.22 

3.16 

2.32 

1.75 

1.75 

31.45 

Detailed  Study  op  Precipitation 

When  precipitation  is  studied  in  detail  it  is  seen  that  the 
variations  in  the  annual  and  in  the  monthly  precipitation  re- 
main within  certain  limits ;  but  these  totals  are  made  up  of  still 
greater  variations  in  individual  storms.  Every  rainstorm  is  of 
more  or  less  limited  extent  and  also  varies  widely  in  intensity 
and  in  the  amount  of  the  total  local  precipitation. 

The  daily  maps  of  the  Weather  Bureau  show  the  variations 
in  both  these  factors  from  day  to  day,  and  are  worthy  of  the 
careful  consideration  and  investigation  of  this  subject. 
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The  net  result  of  the  rainfall  conditions  in  Wisconsin  during 
certain  weekly  periods  of  1907  is  shown  in  Figure  9,  and  the 
varying  conditions  for  these  periods  on  different  portions  oi 
some  of  the  drainage  areas  of  the  state  are  clearly  shown. 

Bainpall  Records 

The  records  of  rainfall  made  by  the  signal  service  of  the 
United  States  Army,  and  later  by  the  U.  S.  Weather  Bureau, 
cover  a  considerable  period.  The  number  of  i>oints  at  which 
such  obser rations  are  made  is  increasing  from  year  to  year;  but 
when  important  hydrological  questions  are  under  consideration, 
the  data  available  are  still  found  much  too  limited  as  an  en- 
tirely satisfactory  basis  for  exact  conclusions.  The  degree  of 
accuracy  of  such  observations  is  far  from  satisfactory,  for  al- 
though the  placing  of  a  rain  gage  and  the  observation  of  the 
rainfall  would  seem  a  simple  process,  yet  the  comparative  re- 
sults from  gages  located  at  points  closely  adjoining  indicate 
that  elevation  and  wind  currents,  due  to  various  conditions, 
obstruction,  etc.,  greatly  modify  the  results. 

The  artificial  divisions  of  daily,  weekly,  and  monthly  observa- 
tions are  sometimes  misleading  when  they  are  examined  with 
reference  to  corresponding  runoff  records.  A  rainstorm  follows 
no  such  divisions  of  time,  and  the  effect  of  a  heavy  rainfall  near 
the  end  of  a  month  will  often  result  in  an  increased  runoff  dui- 
ing  the  following  month  for  whicTi  monthly  records  of  observa- 
tions, usually  available,  offer  no  adequate  explanation. 

Divisions  op  the  Water  Year 

For  the  purpose  of  studying  precipitation  and  its  effect  on 
the  flow  of  streams,  precipitation  and  runoff  records  are  fre- 
quently subdivided  into  what  is  termed  the  "water  year." 

The  water  year  for  Wisconsin  conditions  may  be  divided 
into  periods  beginning,  approximately,  with  December,  and 
ending,  approximately,  with  the  following  November.  The  pe- 
riod from  December  to  and  including  May,  is  termed  the  **  stor- 
age" period;  June,  July,  and  August,  the  "growing"  period; 
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Fig.  9.— Weekly  Distribution  of  Rainfall  in  Wisconsin. 
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and  September,  October,  and  November,  the  ''replenishing" 
period. 

These  divisions  of  the  water  year  are  more  fully  described 
in  the  discussion  of  the  relations  of  precipitation  to  runoflt 
Studies  of  the  rainfall  and  its  subdivisions  as  they  have  oc- 
curred on  the  drainage  areas  of  the  Wisconsin,  Menominee,  and 
Peshtigo  Rivers  are  shown  in  Figures  10,  11,  and  12. 

A  study  of  the  same  character  of  data  showing  how  they  have 
varied  on  different  areas  of  the  valley  of  the  Wisconsin  River 
is  shown  in  Figure  13. 


DISPOSAL  OF  RAINFALL 

The  disposal  of  the  rainfall  is  a  subject  pertinent  to  this  in- 
quiry, for  while  some  of  the  rainfall  flows  away  in  the  stream, 
the  amount  so  flowing  is  not  always  a  large  percentage  of  the 
total  amount  which  has  fallen,  and  the  amount  which  appears 
in  the  runoff  is  evidently  the  residue  after  the  other  demands 
on  the  rainfall  have  been  temporarily  satisfied.  A  light  rain 
falling  on  an  impervious  rock  surface  may  simply  wet  the  sur- 
face and  soon  disappear  by  evaporation.  A  heavier  rainfall  on 
the  same  surface  will  be  accompanied  by  a  considerable  runoff, 
and  although  the  same  evaporation  may  obtain,  yet  its  com- 
parative effect  is  small.  If  the  rock  be  pervious,  a  light  rain 
may  simply  wet  the  surface  and  soon  disappear  by  evaporation ; 
a  heavier  rain  will  be  absorbed  and  disappear,  except  the 
amount  still  lost  by  evaporation,  while  a  very  hard  rain  ma> 
be  accompanied  by  more  or  less  runoff,  according  to  the  relative 
conditions.  When  the  surface  is  covered  by  vegetation,  a  cer- 
tain amount  of  the  rain  will  be  used  by  the  growing  plants,  and 
an  additional  element  must  be  considered.  The  proportion  of 
the  rainfall  which  is  lost  in  these  various  ways  is  greatly  modi- 
fied by  surface  conditions  and  by  conditions  of  temperature  and 
wind. 
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Fig.  13.— The  -Comparative  Annual  Rainfall   on  YarioiiB  Drainage  Areas   of  the 

Wisconsin  Rlyer. 
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Evaporation 

Some  hydraulic  engineers,  in  considering  the  disposal  of 
precipitation,  divide  the  same  into  ''ninoflE''  and  ** evaporation." 
By  ''runoflE''  is  meant  that  part  which  flows  away  in  the 
streams.  The  parts  lost  by  seepage,  by  actual  evaporation,  and 
that  used  by  vegetation,  are  classed  under  the  head  of  ''evapora- 
tion/' This  use  of  the  term  ** evaporation''  is  misleading  and 
seems  unnecessary.  The  term  ''retention,"  as  representing  the 
portion  of  the  precipitation  not  running  off  in  the  stream  flow 
seems  more  logical  and  will  be  used,  so  that  the  term  "evapora- 
tion" when  used  herein  will  have  its  true  significance. 

Vermeule  endeavors  to  prove  (see  "Water  Supply  of  New 
Jersey")  that  the  amount  of  water  retained  on  a  drainage  area 
is  in  direct  proportion  to  the  average  annual  temperature  on 
the  area.  A  careful  investigation  will,  however,  convince  the 
observer  that  no  direct  relation  exists  between  the  retention  and 
the  average  annual  temperature.  This  is  well  illustrated  by 
the  relations  shown  by  Rafter  (see  Figures  14,  15  and  16)  be- 
tween retention  (designated  as  evaporation  on  the  diagram)  and 
temperature,  on  the  Sudbury  and  Cochituate  areas.  The  rela- 
tions between  retention  and  temperature  are  very  indistinct,  and 
the  writer  believes  it  is  clearly  shown  that  other  modifying  in- 
fluences are  very  much  more  powerful  than  the  average  annual 
temperature.  That  temperature  increases  evaporation  is  un- 
doubtedly the  case;  and  that  temperature  materially  increases 
the  amount  of  water  taken  up  by  vegetation,  and  thus  results  in 
loss  to  runoff,  is  also  true.  It  would  seem,  therefore,  that  the 
summer  temperatuf-e,  rather  than  the  mean  annual  tempera- 
ture, would  have  to  be  considered. 

These  diagrams  show  that  the  annual  nmoflP  as  a  general  rule 
varies  with  the  annual  precipitation.  On  account  of  the  various 
other  conditions  mentioned,  there  are  numerous  exceptions  to 
this  rule  and  considerable  variations  in  the  average  relations 
between  annual  precipitation  and  annual  runoff  may  obtain. 
Tn  a  general  way,  the  retention  may  also  be  said  to  increase  with 
precipitation  because  under  such  conditions  there  is  more  water 
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Pig.   14.— Relation   Between   Precipitation,  Evaporation,   Runoff   and   Temperature   on 
Lake  Cochituate  Basin.    Years  arranged  in  order  of  dryness. 
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Fig.  15.— Relation  Between  Evaporation  and  Temperature  on  Lake  Ooehitaate  Battn. 
Years  being  arranged  according  to  amount  of  evaporation. 


[214] 


Digiti 


ized  by  Google 


HEAD— FLOW  OF  STREAMS  AND   FACTORS  THAT  MODIFY   IT       41 


^ 


=^^E^^-zzEEzEgz^-q 


tttait 


w 

«ff 

Wmm  ^ 

■"; 

-- 

BS-Eiz 

49 

So 

i 

Ht 

%       E 

^  "'  I 

|«f«  = 

-r- 

i  =  = 

SsisS^ 

JO 

I  frHII 

Nf4JJ- 

t& 

so      1 

-S*S 

■  ■  ■ }~  :^  ^  I 

■""  ^ 

tf«.| 

^=s= 

^=  = 

^  s  =  - 

Tf -" 

W        -- 

"E  =  :" 

; . 

-hxU 

pdi^^ 

:."  :/'".  z~  - 

_i ] 

W 

-^" 

-F 

rH-- 

rtr:  -  Tj^ 

^^^J 

'l**"*- 

-  -  -  - : 

"  ^;.. ,,_ 

^^ 

---^-. 

i2 

,„ .  ^   - 

-, ..  _. . 

..^.    .y^ 

...  ...,,. 

^    1-7  T:f, .,  -^ 

4m 

1  = 

_. ...  ^ 

-"-'-' 

— -J= 

UP 

44^ 

5       " 

-=-1e 

■+^  -''- 

. _._ 

r_i^_^  _ 

LL^l-IJj 

t- 

■    r 

!--.-:- 

-}        H-:. 

;t 333S££ 


*** 


Pig.  16.— Relations  Between  Precipitation, 
Runoff,  Evaporation  and  Temperature  on 
Sudbury  Riyer  Basin.  Years  arranged 
according  to  regular  order,  drynesa  and 
decreasing  evaporation  respectively. 
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to  be  lost  in  various  ways  in  which  tiie  disposal  of  rainfall 
may  occur. 

A  lai^e  evaporation  takes  place  from  the  swamp  and  lake 
areas,  fully  equal  for  the  most  part  to  the  amount  of  rain  that 
actually  falls  on  the  exposed  water  surfaces;  and  if  such  areas 
occupied  approximately  the  full  drainage  area,  no  runoff  what- 
ever would  take  place.  While  evaporation  is  a  large  item,  on 
exposed  surfaces  the  actual  percentage  of  water  surface  on  any 
drainage  area  is  usually  comparatively  small,  and  the  evapora- 
tion is  therefore  not  a  lai^e  factor  when  the  entire  drainage 
area  is  considered.  Swamps  and  lakes,  therefore,  tend  to  con- 
serve and  control  the  flood  waters  and  undoubtedly  in  most 
cases,  add  materially  to  the  regularity  of  stream  flow,  although 
they  frequently  reduce  its  total  annual  amount 

Figure  17  is  an  approximate  map  of  the  mean  average  evap- 
oration in  the  United  States  from  free  water  surfaces.  It  was 
made  from  observations  of  the  U.  S.  Weather  Bureau  in  1887 
and  1888.*  Further  investigations  of  this  subject  will  un- 
doubtedly materially  alter  the  data. 

The  Wind 

The  effect  of  wind  on  stream  flow  is  of  minor  importance. 
Much  of  this  effect  depends  on  the  relative  exposed  surfaces  of 
water  and  the  protection  afforded  by  topographical  and  forest 
conditions.  The  winds  have  a  decided  effect  in  increasing  the 
amount  of  evaporation  from  exposed  water  surfaces  as  the  sat- 
urated air  in  contact  with  such  surfaces  is  rapidly  removed  and 
fresh  unsaturated  air  is  brought  in  contact  with  them.  Where 
thesd  water  surfaces  are  small  and  lie  among  the  hills,  or  are 
surrounded  by  forests,  the  effect  of  the  wind  on  the  same  is 
greatly  reduced  and  evaporation  is  diminished 


♦S«e  Monthly  Weather  Review,  Sept.,  1888. 
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TEMPERATUEE 

Temperature  has  a  most  marked  eflfect  on  the  relation  of  pre- 
cipitation to  runoflf.  The  low  temperatures  of  winter  are  the 
cause  of  the  retention  of  much  of  the  precipitation  in  the  form 
of  snow  and  ice  throughout  December,  January,  and  February, 
in  all  northern  latitudes,  until  these  deposits  are  melted  by  the 
higher  temperatures  of  March  and  April.  This  materially  in- 
creases the  runoflf,  and,  even  with  light  rains,  produces  the 
spring  floods.  The  extent  of  the  spring  flood  is  modified  to  a 
very  great  extent  by  the  conditions  which  have  prevailed 
throughout  the  winter  and  which  may  prevail  during  the  spring 
season.  The  precipitation  of  December,  January  and  February 
commonly  assures  complete  saturation  of  the  ground.  All  the 
pervious  deposits  are  usually  filled  during  this  period  and  the 
warm  rains  of  spring,  imder  such  conditions,  run  rapidly  from 
the  saturated  surface  which  even  though  naturally  pervious  has 
become  impervious  by  saturation.  Frozen  ground,  even  though 
pervious  and  unsaturated,  may  be  rendered  impervious  by  sur- 
face freezing  and  thus  permit  a  rapid  flow  of  the  rainfall  into 
the  stream,  resulting  in  sudden  floods  whicli  would  not  occur 
were  the  temperature  conditions  different. 

In  the  northern  streams  the  winter  flow  is  frequently  the 
minimum  flow,  for  not  only  is  the  precipitation  held  in  the  form 
of  snow  and  ice  and  hence  may  not  materially  affect  the  mod- 
orate  stream  flow,  but  frequently  the  shallow  ground  waters  and 
springs  are  also  congealed  and  the  flow  may  thereby  be  greatly 
reduced  and  will  be  fed  by  the  deeper  seated  waters  which, 
while  reaching  the  stream,  do  not  feel  the  effect  of  the  low  tem- 
perature. 

The  Effects  op  Ice  on  Stream  Flow 

The  effects  of  ice  on  the  flow  of  a  stream  are,  in  a  general 
way,  of  minor  importance;  though,  under  certain  conditions, 
these  effects  may  become  serious  locally.  The  formation  of  ice 
"ver  a  stream  offers  an  extra  resistance  to  the  flow  of  the  water 
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and  the  flow  resulting  from  a  given  gradient  is  therefore  ma- 
terially reduced.  The  water  surface,  therefore,  during  the  ice 
period  is  materially  higher  than  in  summer  with  the  same  quan- 
tity of  flow.  The  effect  of  ice  is  materially  influenced  by  its 
thickness  and  whether  the  stream  surface  is  partially  or  entirely 
covered  by  the  same.  Such  conditions  introduce  considerable 
difficulties  in  the  determination  of  stream  flows  that  actually 
take  place  in  a  stream  during  the  winter  months.  While  numer- 
ous observations  have  been  made  on  the  effects  of  this  ice  cov- 
ering in  stream  flow,  these  effects  vary  so  greatly  with  the  na^ 
ture  of  the  cross  section,  thickness  of  ice,  etc.,  that  the  accurate 
gaging  of  streams  demands  many  local  measurements  and  ob- 
servations for  the  correct  interpretation  of  the  relation  between 
gage  heights  and  stream  flow. 

The  sudden  freezing  of  streams  may  also  cause  an  abnormal 
but  temporary  decrease  in  flow,  even  where  the  sources  are  not 
seriously  affected.  The  friction  of  flow  of  a  river  under  ice  is 
considerably  greater  than  with  open  water;  hence  when  ice  is 
suddenly  formed  on  a  stream,  not  only  is  a  considerable  quan- 
tity of  water  congealed  and  temporarily  withdrawn  from  the 
runoff,  but  the  river  must  rise  and  flU  a  greater  cross  section  in 
order  to  overcome  the  extra  friction  caused  by  the  ice  forma- 
tion. In  one  case  on  the  Wisconsin  River  the  flow  was  decreased 
almost  75%  for  two  days  after  the  sudden  freezing  of  the  river 

This  same  phenomenon  was  observed  by  the  United  States  en- 
gineers on  the  St.  Croix  River  in  1882  (see  Report  Chief  Engi- 
neer U.  S.  Army,  1883,  P.  1470)  as  follows: 

**In  the  early  winter  it  was  found  that  each  cold  wave  which 
increased  the  thickness  of  the  ice  about  one-tenth  of  a  foot  at  a 
time,  was  accompanied  by  a  great  falling  off  of  the  discharge, 
to  be  followed  by  partial  recovery  during  the  next  few  days, 
the  same  phenomenon  recurring  with  great  regularity  at  each 
cold  wave,  the  recovery  of  discharge  being  in  each  case  only  par* 
tial.  The  gradual  tendency  was  downward  until  the  apparent 
minimum  was  reached  when  there  was  no  appreciable  change 
for  several  weeks." 
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The  Movement  of  Ice 

When  the  ice  moves  out  of  the  stream  in  the  spring  it  fre- 
quently gives  rise  to  serious  local  conditiona  If  the  ice  has 
began  to  melt  and  has  become  soft  and  rotten  before  a  sufficient 
rise  in  the  river  occurs  to  break  it  away  from  the  banks  and  set 
it  adrift,  it  may  pass  from  a  river  without  injury  to  the  prop- 
erty along  the  stream.  On  the  other  hand,  an  early  spring  rise 
while  the  ice  is  still  solid  may  detach  it  from  its  banks  and 
cause  it  to  move  down  the  river  while  it  is  still  solid. 

Damage  from  ice  is  usually  occasioned  by  the  formation  ol 
ice  jams.  These  are  caused  by  the  lodgement  of  ice  on  shallows, 
against  islands  or  other  obstructions  in  the  stream,  and  a  grad- 
ual accumulation  of  lai^e  quantities  of  ice  may  act  as  a  dam, 
obstructing  the  stream  flow  and  sometimes  causing  overflows 
and  serious  damage.  On  the  other  hand,  the  impounding  of 
water  behind  a  jam  will  produce  great  pressures  against  the 
jam  which  will  ultimately  break  away,  perhaps  releasing  great 
volumes  of  water  and  producing  serious  flood  conditions  in  the 
river  below  the  jam,  frequently  causing  much  damage  in  its 
course. 


TOPOGRAPHICAL  EFFECTS 

The  influence  of  topography  on  the  runoflf  of  streams  is  a 
mattar  of  common  observation.  Gradient  is  an  important  func- 
tion of  flow.  This  is  demonstrated  by  the  slow  flow  of  water 
on  nearly  level  areas  and  in  its  rapid  discharge  from  steeply  in- 
clined surfaces.  The  discharge  is  also  greatly  facilitated  by 
imiformity  of  surface  and  greatly  retarded  by  irregular  and 
rough  surfaces.  The  quantity  of  seepage  is  frequently  a  func- 
tion of  the  length  of  time  during  which  the  drainage  waters  are 
in  contact  with  permeable  surfaces:  consequently  seepage  is 
greatly  facilitated  by  low  and  moderate  grades,  and  greatly  de- 
iseased,  even  where  the  surface  is  highly  pervious,  by  high 
gradient  over  which  the  water  rapidly 
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Topography  op  Wisconsin 

While  Wisconsin  can  not  be  called  a  prairie  state,  almost  one- 
half  of  its  area  is  quite  level,  and  most  of  the  balance  is  rolling 
country  with  only  low  hills  and  no  mountainous  or  rugged  area. 

**  Hills  over  300  feet  in  height  are  rare.  A  few  mounds  oi 
isolated  steep  hills,  with  extremely  narrow  bases,  rise  out  of 
the  sandy  plains  of  Jackson  and  Clark  counties,  and  a  few 
larger,  more  massive  hills,  one  of  1,940  feet  above  the  sea,  occur 
in  the  valleys  of  the  large  rivers,  besides  the  low  broad  hills 
which  form  the  crest  of  the  Penokee  and  copper  ranges.  These 
hilly  tracts  do  not  cover  over  5%  of  the  total  area,  while  about 
45%  is  level  upland,  and  about  50%  is  rolling  country  of  which 
a  considerable  portion  is  steeply  rolling  'kettle'  or  'pot-hole' 
land."  {Forestry  Conditions  of  Northern  Wisconsin,  Bulletin 
Wis.  Geol.  &  Nat.  Hist.  Survey  No.  1,  1898,  by  Pilibert  Roth. 
P.  2.) 

''A  wide  and  comparatively  flat  highland  crosses  the  northern 
part  of  the  state.  This  divide  varies  in  elevation  from  1,900 
feet  in  the  eastern  part  to  1,000  feet  in  the  western  part,  and 
extends  to  within  thirty  miles  of  Lake  Superior.  From  it  the 
rivers  descend  radially  in  all  directions  except  eastward.  Owing 
to  the  fact  that  Lakes  Superior  and  Michigan  bound  the  State 
on  the  north  and  east,  while  the  Mississippi  River  forms  the 
southwestern  and  a  large  part  of  the  western  border,  all  the 
rivers  must  need  find  a  low  trough  into  which  to  discharge,  and 
that  at  a  short  distance  from  their  sources.     •     •     • 

*' About  9%  of  the  total  area  considered  belongs  to  the  abrupt 
Lake  Superior  watershed,  and  the  remainder  to  the  broad 
southeast,  south,  and  southwest  slopes.  The  divides  between  the 
rivers  which  drain  this  southern  slope  are  almost  imperceptible 
in  some  cases,  being  entirely  lost  in  the  labyrinth  of  lakes  and 
swamps.''  (Water  Powers  of  Wisconsin.  Bulletin  Wis.  Cteo. 
&  Nat.  Hist.  Survey,  No.  20,  L.  S.  Smith,  P.  9.) 

The  elevation  of  the  surface  of  Lake  Superior  is  approxi- 
mately 602  feet  above  sea  level  while  that  of  Lake  Michigan 
is  about  581  feet  above  sea  level.  The  surface  of  the  Mississippi 
River  varies  from  683  feet  above  sea  level  at  low  water  stage 
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at  St.  Paul,  to  585  feet  at  low  water  stage  at  Dubuque,  Iowa, 
near  the  southern  boundary  of  Wisconsin. 


GEOLOGICAL  INFLUENCES 

The  character  and  arrangement  of  the  geological  deposits 
have  much  to  do  with  the  quantity  of  runoff.    If  the  geological 
deposits  of  the  drainage  area  are  highly  impervious,  the  sur- 
face vnll  receive  and  transmit  the  water  into  the  mass  only 
through  the  cracTis  and  fissures  in  the  rock.    Gradient  under 
tiiese  conditions  may  only  slightly  modify  the  quantity  of  water 
entering  the  strata,  which  may  be  insignificant.  Good  drainage 
under  such  conditions  may,  however,  materially  increase  the 
total  amount  of  runoff  reaching  the  stream,  for  the  retention 
of  water  on  impervious  surfaces  normally  means  that  a  larg^ 
proportion  of  the  precipitation  will  be  lost  in  evaporation  and 
comparatively  little  will  reach  the  streams.    On  pervious  strata, 
the  gradient  may,  under  some  circumstances,  greatly  modify 
the  amount  of  precipitation  seeping  into  the  strata  during  any 
storm.    If  the  water  stands  on  the  surface  of  a  comparatively 
level  and  pervious  deposit,  or  flows  slowly  across  it,  consider- 
able opportunity  is  given  for  seepage  into  the  rock  structure  > 
whereas,  if  the  rock  surface  is  highly  inclined,  a  rapid  flow  of 
water  over  the  same  surface  will  materially  reduce  the  quantity 
of  seepage.    The  amount  of  precipitation  that  will  be  taken  up 
by  any  geological  deposit  will,  of  course,  depend  on  its  degree 
of  perviousness.    Coarse  sand  and  gravels  will  rapidly  imbibe 
the  rainfall  into  their  structure.    Fine  and  loose  beds  of  sand 
also  rapidly  receive  and  transmit  the  rainfall  unless  the  pre- 
cipitation be  exceedingly  heavy,  under  which  condition  some  of 
it  may  flow  away  on  the  surface.    Many  of  the  highly  pervious 
indurated  formations  receive  this  water  more  slowly  and  re- 
quire a  considerable  length  of  contact  in  order  to  receive  the 
maximum  amount. 

The  depth  of  the  deposit  naturally  has  a  material  effect  on 
their  capacity  for  imbibing  water.  The  water  taken  into  the 
pervious  deposits  on  a  watershed  constitutes  what  is  known  as 
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ground  waters.     They    may,    however,    be    divided   into  two 
classes: 

1.  The  ground  water  proper,  which  flows  underneath  and  at 
a  greater  or  less  distance  below  the  surface,  according  to  the 
conditions;  and 

2.  The  deep  seated  waters  which  enter  the  pervious  indurated 
formations  and  may  follow  such  formations  to  distant  outlets, 
perhaps  on  other  watersheds,  or  into  the  sea  itself. 

The  groimd  water  proper  usually  finds  an  outcrop  in  the 
lower  valley  of  the  drainage  area  on  which  it  is  received  and 
frequently  reappears  to  augment  the  lower  stream  flow.  When 
these  deposits  are  extensive,  they  materially  aflEect  the  regularity 
of  flow.  They  often  form  the  principal  source  of  the  stream 
flow  during  the  summer  months  when  the  greater  proportion 
of  the  rainfall  during  the  season  is  lost  in  evaporation  or  taken 
up  by  plant  life,  and  very  little  of  the  precipitation  sinks  into 
the  ground  or  flows  away  on  the  surface  to  reach  the  stream 
itself.  These  ground  waters  are  the  source  of  springs  when 
some  impervious  underlying  deposit  brings  the  water  in  its 
course  to  the  surface ;  but  the  bulk  of  the  ground  water  flow  is 
received  into  the  stream  at  or  below  the  stream  surface  as  a 
slow  seepage  and  its  presence  and  value  in  augmenting  flow  arc 
not  so  readily  recognized.  Where,  however,  the  pervious  outcrop 
dips  rapidly  from  these  impervious  deposits,  it  may  conduct  a 
considerable  quantity  of  water  away  from  the  stream,  and  it 
may,  or  may  not,  discharge  at  some  lower  point  in  the  stream's 
course. 

Geological  Conditions  in  Wisoonsin 

The  indurated  geological  deposits  of  Wisconsin  range  from 
the  early  Archean  rocks,  consisting  of  granite,  quartz  and  allied 
rocks,  which  have  a  surface  outcrop  in  central  northern  Wis- 
consin, to  the  Hamilton  rocks  of  the  Devonian  epoch.  The 
granite  rocks  are  the  lower  or  bed  rocks  of  the  known  deposits 
and  are  believed  to  form  the  bed  of  the  primeval  sea  on  which 
the  later  deposits  were  formed  from  the  disintegration  of  tiid 
deposits  which  formed  the  earliest  known  land.  On  tiiis  granitie 
floor  were  laid  down  in  past  geological  ages  the  later  deposits, 
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one  upon  the  other  like  blankets,  varying  in  thickness  with  their 
upper  edges  exposed  at  the  limits  of  the  gradually  extending 
land  surface.  The  outcrops  of  these  later  deposits  lie  in  ir- 
regular concentric  rings  around  the  granitic  nucleus.  Since  the 
first  land  appeared  above  the  sea  to  the  present  time,  the  ele- 
ments  have  been  at  work  disintegrating  the  exposed  iSurfaces, 
dissolving  out  the  soluble  salts,  and  washing  them  into  the 
creeks  and  rivers,  and  thence  carrying  them  to  the  sea  to  form 
extensions  of  the  land  and  the  later  strata.  Figure  18 
is  a  map  showing  the  approximate  extent  of  the  outcrop  of  each 
indurated  deposit  in  the  upper  Mississippi  River  and  its  rela- 
tive position  is  shown  by  the  sections  AB  and  DC  of  Figure 
19,  the  positions  of  which  are  indicated  on  the  map.  Figure 
18.  These  indurated  deposits  have  been  subject  to  moderate 
disturbances  which  have  produced  cracks  and  fissures,  especially 
in  their  surface  layers,  and  these  have  made  them  all  more  or 
less  pervious  to  water,  especially  at  their  surface  outcrops.  The 
St.  Peter  and  Potsdam  sandstones  are  as  a  rule  highly  pervious 
in  character,  although  the  Potsdam  strata  contain  limestones 
and  shales  interbedded  with  the  sandstones.  In  the  ages  that 
elapsed  during  preglacial  times  after  the  surface  of  Wisconsin 
had  emerged  from  the  sea,  the  elements  were  continuously  at 
work  disintegrating  the  surface  strata,  carrying  it  to  the  rivers 
and  thence  to  the  sea  and  carving  deep  in  the  indurated  depos- 
its a  drainage  system  much  more  advanced  and  complete  than 
that  of  the  present  time.  The  amount  of  material  removed  in 
this  manner  was  enormous,  but  can  be  appreciated  by  a  study 
of  Section  D.  C,  Fig.  19.  In  general,  the  preglacial  topography 
was  much  different  from  the  present  topography.  Deep  rugged 
valleys  had  been  carved  in  the  indurated  formation  several  hun- 
dred feet  below  the  present  river  valleys.  The  hills  were  steep, 
rough  and  pinnacled,  the  soils  were  shallow,  and  the  fauna  and 
flora  quite  diflferent  in  many  ways  from  the  present. 

During  the  glacial  age  the  surface  topography  of  the  major 
portion  of  Wisconsin  was  greatly  changed  by  the  passage  of 
great  glaciers  which  brought  from  the  northward  more  or  less 
foreign  material  and  which  in  their  passage  ground  off  tlie  hill 
tops  and  possibly  deepened  some  of  the  valleys,  transporting 
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Fig.  20.— Mnp  of  First  Glacial  Kpoch  In  the  Upper  Mississippi  Valley. 
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much  of  the  material  to  new  locations  and  gradually  filling  up  the 
original  drainage  valleys  with  this  material.  In  this  way  were 
covered  deep  in  the  indurated  strata  of  the  state,  drainage 
channels  which  are  known  to  have  been,  in  preglacial  times^ 
several  hundred  feet  in  depth  below  the  hill  tops. 

In  the  earliest  glacial  invasion  (see  Figure  20),  Wisconsin 
was  largely  covered  with  ice  except  in  the  southwest  portion 
which  was  covered  by  an  interglacial  lake,  hence  its  hiUs  have 
been  left  largely  as  sculptured  by  denundating  agencies.  Its 
valleys,  however,  have  been  filled  by  materials  washed  from  the 
glaciers  ^nd  by  deep  lacustrine  cjeposits.  On  the  recession  of 
the  ice.  the  resulting  floods  carved  out  new  channels  in  the 
glacial  deposits,  reworking  and  redepositing  them  in  varying 
beds  of  sands,  gravels,  and  clays.  The  latest  glacial  invasion 
(see  Figure  21)  has  perhaps  had  a  much  greater  influence  on 
the  present  surface  conditions  of  Wisconsin;  at  least  it  has 
greatly  modified  the  work  of  the  earlier  epoch  and  has  left  be- 
hind marked  traces  of  its  work  in  the  present  topographical 
conditions.  The  limits  of  this  invasion  are  clearly  marked  by 
the  kettle  moraine,  a  line  of  low  rounded  hills,  formed  by  the 
ice,  that  stretch  across  the  state  and  include  within  their  limits 
most  of  the  numerous  lakes  that  occur  in  the  state.  From  the 
melting  ice  of  this  invasion,  the  rivers  were  again  more  or  less 
altered,  the  valleys  more  or  less  filled,  and  various  terrace 
systems  formed  along  some  of  the  rivers.  The  ice  melting  from 
its  farthest  advanced  position  left  an  irregular  and  imperfectly 
drained  condition  of  the  intermoraine  country  which  has  given 
rise  to  the  thousands  of  lakes  and  swamps  of  Wisconsin.  The 
present  drainage  system  of  the  State  is  the  result  of  drainage 
during  the  glacial  recession,  more  or  less  modified  in  the  time 
that  has  since  elapsed.  The  last  invasion  was,  however,  geo- 
logically so  recent  that  the  present  drainage  system  of  the  State 
is  new  and  imperfect  and  has  left  most  of  the  lakes  and  swamps 
but  partially  drained. 

These  various  glacial  deposits  cover  in  part  most  of  the  in- 
durated formation  shown  in  Figure  18,  which  shows  an  ideal 
condition  with  the  drift  sheet  removed. 

In  many  places  the  drift  sheet  is  fairly  impervious  as  evi- 
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denced  by  the  lakes  and  swamps;  in  other  places  it  is  so  per- 
vious that  depressions  considerably  below  the  surrounding  levels 
and  with  no  visible  surface  drainage  are  yet  perfectly  drained 
through  the  soil.  In  many  cases  the  underlying  rocks  are  fairly 
accessible  to  the  rainfall,  although  more  or  less  deeply  coverea 
by  these  deposits,  on  account  of  this  condition. 

More  or  less  of  the  water  that  falls  on  the  outcrop  of  the 
Potsdam  sandstone  or  the  more  or  less  pervious  drift  that  over- 
lies it  (see  Figure  19)  sinks  beneath  the  surface,  flows  slowly 
in  the  direction  of  the  dip  of  the  strata  and  furnishes  many 
of  the  water  supplies  of  southern  Wisconsin  and  of  those  por- 
tions of  Illinois,  Iowa,  and  Minnesota  that  lie  adjacent  to  the 
Wisconsin  line.  With  the  exception  of  the  waters  that  are  ob- 
tained from  this  source  for  our  water  supplies,  the  ultimate 
course  of  the  Potsdam  waters  is  unknown.  Whether  they  pass 
from  the  underlying  Potsdam  to  other  and  higher  deposits,  and 
through  them  ultimately  reach  the  sea,  or  whether  they  are 
stopped  in  their  course  and  simply  keep  the  deposits  in  a  con- 
dition of  saturation,  it  is  impossible  to  say. 

The  Potsdam  deposits  and  the  St.  Peter  sandstone  frequently 
furnish  the  springs  that  occur  on  the  line  of  fracture  and  up- 
heaval of  the  overlying  deposits,  and  a  quantity'  of  water 
reaches  the  surface  and  ultimately  the  streams  by  this  means. 
The  quantity  reaching  the  streams  from  this  source  is  not 
sufficient  to  materially  augment  the  flow  of  important  streams. 

The  St.  Peter  sandstone  is  also  a  highly  pervious  deposit 
which  will  rapidly  imbibe  water  and  may  deliver  it  to  somewhat 
distant  points  as  well  as  to  augment  the  stream  flow  along  the 
line  of  its  outcropping.  Both  the  St.  Peter  and  the  Potsdam 
strata,  when  occurring  in  the  bed  or  banks  of  a  stream,  may 
serve  to  supply  or  to  deplete  the  flow  according  to  the  con- 
ditions of  the  strata  as  influenced  by  their  outcroppings,  dip, 
and  extent. 

Some  of  the  deposits  of  the  Galene  limestone  are  cavernous 
in  character  and  may  receive  and  transmit  more  or  less  of  the 
rainfall.  Other  limestone  rocks  are  water  bearing  to  a  greater 
or  less  extent  by  virtue  of  more  or  less  extensive  cracks  and 
fissures. 
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NATURAL  STORAGE 

The  factors  that  control  runoff  are  largely  interdependent. 
The  natural  storage  area  on  any  drainage  area  depends  largely 
on  the  topography  and  geology.  The  presence  of  ponds  and 
lakes,  swamps  and  marshes,  depends  on  incomplete  drainage 
conditions  and  the  presence  of  depression  with  impermeable 
beds  and  restricted  outlets.  Such  conditions  tend  to  regulate 
the  flood  flows  from  drainage  areas,  and  to  retard  the  flow  of 
storm  waters,  delivering  them  more  slowly  than  would  occur 
from  other  areas.  On  the  other  hand,  the  evaporation  from 
such  swamp  and  marsh  areas,  and  similarly  exposed  bodies  of 
water,  is  considerable.  If  such  bodies  of  water  occupy  approxi- 
mately the  entire  drainage  area,  the  evaporation  from  the  water 
surface  throughout  the  year  would  often  be  as  great  as  the 
rainfall  itself,  and  no  runoff  would  result. 

The  effect  of  swamps  and  lakes  is  to  reduce  the  flood  peaks 
and  prolong  the  high  water  period.  Unless  very  extensive  or 
unless  augmented  by  extensive  pervious  deposits,  their  influence 
on  the  low  flow  of  extreme  dry  periods  is  not  particularly  ad* 
vantageous  without  artificial  regulation. 

The  Great  Lakes  of  North  America  and  the  rivers  flowing 
from  them  are  the  greatest  example  of  the  effects  of  natural 
surface  storage  on  the  regulation  and  flow  of  streams.  The 
variation  in  monthly  flow  of  these  rivers  for  the  years  1860  to 
1902  is  shown  in  Figure  22.  Of  these  rivers  the  minimum  flow 
is  about  62  per  cent  of  the  maximum  in  the  St.  Mary's  River; 
60  per  cent  in  the  St.  Clair  River;  60  per  cent  in  the  Niagara 
River,  and  67  per  cent  in  the  St.  Lawrence  River.  The  varia- 
tion in  flow  is  much  less  variable  and  the  regulation  is  therefore 
much  better  than  any  ordinary  stream.  The  ratio  of  lake  sur- 
face to  drainage  area  on  the  Great  Lakes  is  about  25  per  cent 
for  the  entire  system,  and  the  ratio  of  average  annual  dis- 
charge to  mean  annual  rainfall  is  about  37  per  cent.  This  is 
less  than  the  average  ratio  of  discharge  to  rainfall  in  the 
northern  streams  of  Wisconsin,  and  the  reduction  is  doubtless 
due  to  the  great  evaporation  from  free    water   surface.     The 
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surface  elevations  of  the  Great  Lakes  are  subject  to  seasonal 
fluctuations  similar  but  not  relatively  so  great  as  in  the  case  of 
rivers.  The  mean  annual  gage  heights  vary  closely  with  the 
progressive  mean  of  the  annual  rainfaU  on  their  drainage  area, 
and  are  subject  to  periodic  changes  extending  through  a  series 
of  years.     (See  Figure  23). 

Streams  on  which  pervious  deposits  are  small  or  are  entirely 
wanting  are  those  generally  subject  to  the  greatest  variation  in 
flow.  Under  such  conditions,  the  rain  falling  on  the  surface 
moves  rapidly  toward  the  thread  of  the  valley  and  passes  away 
as  flood  flows.  The  flows  at  other  times  are  little  or  nothing 
and  such  streams  rapidly  dry  up  and  become  dry  runs  during 
the  summer  months,  or  sometimes  whenever  rain  is  not  actually 
falling. 

On  the  other  hand,  extensive  pervious  deposits  on  a  drainage 
area  generally  produce  a  high  degree  of  regularity  in  the  flow 
of  a  stream.  On  drainage  areas  where  such  pervious  deposits 
are  extensively  developed,  the  rainfall,  especially  if  the  surface 
be  uncovered  by  vegetation,  is  rapidly  absorbed,  becomes  a  part 
of  the  ground  water,  flows  slowly  toward  the  stream,  and.  de- 
pendent upon  the  character  of  the  deposit,  reaches  the  stream 
only  after  a  lapse  of  days,  or  perhaps  months.  As  the  ground 
water  becomes  filled,  its  gradient  becomes  steeper  and  the 
rapidity  of  its  flow  is  increased.  Heavy  rainfalls  on  a  pervious 
drainage  area  therefore  will  considerably  increase  the  velocity 
of  the  ground  water  flow  and  hence  augment  the  flow  o^  the 
streams  to  a  greater  extent  during  or  following  such  periods. 
As  time  passes  after  the  occurrence  of  rains,  the  gradient  will 
slowly  decrease  as  the  water  drains  from  the  pervious  deposits 
into  the  stream,  the  velocity  and  quantity  of  flow  becomes  less, 
and  the  stream  flow  gradually  decreases.  The  decrease,  how- 
ever, is  not  rapid  and  a  suflScient  quantity  is  usually  held  in 
storage  until  further  rainfalls  augment  the  stored  ground  water 
and  again  increase  the  stream  flow.  Such  a  stream  may  fre 
quently  flow  for  several  months  even  without  any  rainfall 
reaching  the  ground  water,  and  the  flow  is  commonly  regulated 
to  a  greater  degree  by  this  means  than  by  any  other  natural 
condition  on  the  watershed  except  large  percentage  of  lake  area. 
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The  flow  from  such  areas  is  a  comparatively  large  percentage 
of  the  rainf  aU. 

Oronnd  storage  in  gravels  and  sand,  or  other  pervious  de- 
posits, removes,  to  a  considerable  extent,  all  of  the  water  reacn- 
ing  them  from  the  immediate  influence  of  evaporation,  and  store 
them  under  the  very  best  conditions  for  the  future  supply  of 
the  stream. 

The  drainage  systems  of  Wisconsin  are  (see  Frontispiece, 
Fig.  24) ,  geologically  speaking,  of  recent  origin.  In  few  places 
have  the  rivers  reached  their  base  level  and  the  drainage  system 
of  the  state  is  new  and  imperfect ;  otherwise,  the  lakes  and 
swamps  of  the  state  would  not  exist.  The  drainage  systems, 
outside  of  the  ultimate  guUeys  at  the  stream  head  waters,  are 
occupied  by  perennial  streams,  fed  by  the  surface  and  under- 
ground reservoirs  that  equalize  and  maintain  the  flow  more  or 
less  satisfactorily  throughout  the  year. 

Drift  Deposits  of  Wisconsin 

The  pervious  deposits  of  the  drift  and  mantle  rocks  present 
the  same  characteristics  as  the  deeper  indurated  deposits  in  that 
they  materially  affect  the  stream  flow  and  remove  much  of  the 
water  from  a  surface  to  a  sub-surface  flow.  The  water  is 
diverted  from  the  natural  surface  flow  of  the  stream  itself  into 
underground  channels  which  may  discharge  at  some  distant  and 
unknown  outcrop. 

Such  conditions,  it  is  believed,  largely  affect  the  flow  of  the 
Rock  River.  The  Rock  River  is  known  to  possess  a  flow  of  only 
about  half  of  that  of  the  Wisconsin  River  (see  Table  2)  and 
of  other  rivers  of  northern  Wisconsin  where  the  underflow  con- 
ditions are  not  largely  developed.  On  the  Rock  River,  on  the 
other  hand,  underflow  conditions  are  perhaps  developed  to  a 
maximum  (see  Figure  25).  The  river  for  a  considerable  portion 
of  its  length  flows  over  or  parallel  to  its  ancient  pre-glacial  drain- 
age channel.  This  ancient  drainage  channel  is  known  to  lie 
more  than  three  hundred  feet  below  the  present  stream  bed  in 
many  places.  It  is  known  to  be  largely  filled  with  sand,  gravel, 
and  other  pervious  deposits,  and  the  quantity  of  water  con- 
tained in  it  is  very  great.    The  modern  river  flows  in  its  upper 
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course  to  a  considerable  extent  over  the  general  location  of  the 
ancient  valley  as  far  as  Rockford,  Illinois,  where  it  floi^s 
westerly  across  a  former  divide.  The  ancient  channel  foUcws 
a  more  southerlv  direction  and  leads  we  know  not  where.    The 


Pig.  25.— Map  Showing-  Pre-Glaclal  Valley  of  the  Rock  River  In  Southeastern  Wisconsin. 
(From  Professional  Paper  S4  U.  S.  G.  S.  by  W.  O.  Alden.) 

comparatively  small  flow  of  the  Rock  River  is  believed  to  be 
largely  due  to  these  conditions. 

It  is  only  necessary  to  point  to  the  Platte  River  of  Nebraska, 
and  to  numerous  other  streams  of  the  same  nature,  in  which. 
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during  low  water,  the  surface  flow  largely  or  entirely  disappears 
from  the  stream  itself,  while  the  ground  flow  continues  through- 
out the  year  in  the  valley  below  the  bed  of  the  surface  stream 
in  which  water  can  always  be  found  from  the  underground 
flow  by  digging  deeply  enough  in  the  pervious  deposits  of  the 
stream  bed.  The  importance  of  geological  conditions  is  very 
great  and  can  hardly  be  overestimated,  for  on  no  other  factor 
except  precipitation  does  the  quantity  and  character  of  the 
flow  so  largely  depend. 

Soils  op  Wisconsin 

The  general  character  of  the  soils  of  Wisconsin  is  shown  by 
Figure  26,  which  is  the  soil  map  compiled  by  Professor  A.  R. 
Whitson,  chiefly  from  the  geological  and  soil  maps  of  Professor 
T.  C.  Chamberlin,  published  in  1882,  and  the  soil  map  of  north 
central  Wisconsin,  by  Dr.  Samuel  Weideman. 

Table    2.— Compakativk    Mkan    Monthly  Runoff  op  the   Wiscon- 
sin    RiVBK    AT    NkCBDAH,     WISCONSIN,     AND    THE     RoCK     RiVBR     AT 

RocKTON,  Illinois,  in  Cubic  Feet  per  Second  per  Square  Mn^s. 


1903. 
Wisconsin  River 

Jan. 

Feb. 

Mar 
2  04 

Apr. 
T43 

May 

2.50 

Jun. 
1.19 

July 

1.56 
,91 

1.02 
.26 

Autf 

Sept 

Oct. 

Nov 

.86 
.44 

.98 
.30 

Dec. 

.45     .44 

i.  5   2.73 
.681     .91 

.66     .90 
.24;     .38 

1.83 

.78 

2.34 
.50 

1  34 

Rock  River 

.45 

1904. 
Wisconsin  River 

2.21 
1.76 

2.63 

.88 

1.96 
,39 

Rock  River 

.45 

.77 

2.80 

.41 

1905. 

Wisconsin  River 

Rock  River 

'".eb 

'*.*53 

1.56 
2.10 

2.72 
1.63 

1.91 
1.10 

4.02 
1.0b 

1.50 
.64 

1.05 
.41 

l.»8 
.43 

.99 
.39 

.81 
.40 

1.53 
.44 

1906. 
Wisconsin  Rl  ver 

3.90 
1.49 

1.81 
.58 

1.86 
.37 

1.13 
.38 

.90 

.89 

.83 
.10 

,,7 

1  41 

Bock  River 

1.56 

1.59 

1.92 

.21      .28 

1P07. 

Wisconsin  River 

Rock  River 

1.20 
1.02 

1.35 

1.5.^ 
.49 

2.80 
.85 

1.94 
.37 

.90 
.55 

1.09 
.66 

.51 
.37 

.76 
.45 

.57 

.43 

.42 
.20 

.48 
.19 

1908. 

Wisconsin  River 

Rock  River 

.48 
.21 

.60 
1.06 

.63 
1  35 

1.21 
.76 

2.?0 
1.09 

1.48 
.71 

1.28 
.32 

.40 
.12 

.31 

.09 

.40 
.OV 

.34 
.10 

1.01 
.14 
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SURFACE  CONDITIONS  IN  WISCONSIN 
Swamps  and  Marshes 


There  are  in  Wisconsin  about  2,400,000  acres  of  nndrained 
swamp  land.  Much  of  this  land  can  and  will  be  made  of  agri- 
cultural value  by  proper  drainage.  Other  laads  not  classified 
as  swamps  are  materially  benefited  for  agricultural  purposes  by 
surface  ditches  and  tile  under  drainage. 

Something  of  an  idea  of  the  relative  amount  of  marsh  land 
in  various  parts  of  Wisconsin,  and  the  present  drainage  condi- 
tions, are  shown  in  Figure  27 — a  map  and  table  prepared  by 
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Fig.  27.— Map  Showing  Approximate  Drainage  Conditions  In  Wisconsin. 


[232] 


Digiti 


ized  by  Google 


MEAD— FLOW  OF  STREAMS  AND  FACTORS  THAT  MODIFY  IT       59 

Professor  E.  R.  Jones  of  the  University  of  Wisconsin,  showing 
in  general  the  soils  of  Wisconsin  and  the  drainage  conditions  in 
1907.  Drainage  work  affects  surface  storage  only.  Open 
drainage  canals  and  ditches  bring  the  surface  flow  more  directly 
and  quickly  into  the  streams  and  thus  undoubtedly  tend  to  in- 
crease the  crest  of  the  flood  height.  Cultivation  and  sub-drain- 
age, however,  have  an  opposite  effect. 

The  Cultivated  Areas  op  Wisconsin 

Figure  28  is  an  outline  map  of  Wisconsin,  prepared  by 
Dr.  Samuel  Weideman,  State  Geologist,  to  accompany  the  Re- 
port of  the  Conservation  Commission  of  the  State  of  Wisconsin. 
This  map  shows  the  percentage  of  the  total  land  improved  in 
each  county  of  the  state  and  is  based  on  the  State  Census  Report 
of  1905.  The  lower  figures  in  each  county  show  the  approxi- 
mate percentage  of  land  which  may  be  ultimately  improved. 
Cultivation  of  the  ground  produces  two  effects  which  influence 
runoff  from  a  drainage  area.  The  breaking  up  of  the  smooth 
surface  of  a  field,  especially  in  a  semi-impervious  deposit,  un- 
doubtedly will  greatly  facilitate  the  seepage  of  water  into  such 
deposits  and  will  also  decrease  evaporation  from  the  ground 
water.     Cultivation  therefore  is  favorable  to  stream  regulation. 

Forest  Effects 

A  bare,  smooth  surface  is  favorable  to  runoff  and  therefore 
to  flood  conditions.  The  presence  of  vegetation  on  a  drainage 
area  may  materially  decrease  the  rapidity  with  which  water 
flows  therefrom,  and  such  vegetation  may  or  may  not  be  favor- 
able to  the  uniformity  of  the  flow  of  a  stream.  A  surface  cov- 
ered with  vegetation  may,  to  a  considerable  extent,  delay  the 
removal  of  rain  during  the  smaller  storm.  The  humus,  due  to 
forest  growth,  may  form  to  some  extent  a  minor  storage  which 
will  prevent  the  immediate  removal  of  the  water  of  limited 
storms.  When,  however,  the  rain  is  extensive,  the  humus,  or 
covering  of  vegetation,  becomes  rapidl>^;  nurated,  and  the  water 
then  runs  from  the  surface  almost  as  i*  Jy  as  though  no  vege- 
tation  existed.     The  effect,   therefore,  6t   vegetation  on  heavy 
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storms  is  to  retard  the  earlier  flows  from  the  surface  which, 
however,  may  be  delivered  to  the  streams  at  a  later  period. 
Such  conditions  may  be  favorable  or  unfavorable  to  higher  flood 
conditions,  according  to  the  intensity  of  the  storm  and  the  dis- 


.ACi^ 


upper  figures  («•  SL3)  indicote  peiMntiuje  of  totol  laiid  improved  in  each  county. 
Lower  figure*  (46  «- to)  rndicate  estmiated  pcrceTttttft  of  tand  wh«eh  wiiIfnioMy 
be  iwpToved  in  each  county. 

Fig.  28.— Map   Showing   Percentage  of   Lands  Improved  In  the  Various  Ooantles  of 
Wisconsin  (Report  of  Wisconsin  Conservation  Commission). 

charging  time  and  capacity  of  other  tributary  streams  of  the 
same  drainage  area. 

Of  the  amount  of  water  actually  held  or  retarded  by  vegeta- 
tion it  is  obvious  that  the  larger  portion  may  be  taken  up  by 
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the  vegetation  and  nsed  in  vegetable  growth,  expired  by  the 
leaves,  and  the  retention  of  the  water  in  this  way  is  bound  to 
increase  evaporation,  and,  while  in  a  minor  way  this  vegetation 
may  be  considered  as  affecting  stream  flow,  it  prevents  a  certain 
amount  of  precipitation,  which  would  otherwise  flow  away,  from 
ever  reaching  the  stream.  On  an  area  of  a  pervious  nature  and 
with  considerable  gradient,  the  vegetation,  holding  the  water 
on  the  slope,  may  assure  a  considerable  extra  amount  of  seep- 
age which,  with  satisfactory  geological  conditions,  may  be  re- 
turned to  the  stream  through  the  ground  water  and  thus  assist 
in  the  regulation  of  the  stream.  Where,  on  the  other  hand,  the 
deposits  lie  in  a  comparatively  low  gradient,  and  are  highly 
pervious,  the  presence  of  vegetation  on  the  surface  will  limit 
the  flow  of  water  into  the  underlying  deposits  and  prevent 
the  rapid  seepage  which  would  otherwise  occur.  Under  such 
conditions  the  presence  of  vegetation  on  the  drainage  area  will 
a^ure  a  large  loss  to  the  stream  flow  caused  by  the  increase  in 
evaporation  and  vegetable  use. 

According  to  French*  measurements,  from  10  to  40  per  cent  of 
the  rain  falling  on  a  forest  never  reaches  the  ground  but  is  caught 
by  the  trees  and  reevaporated.  On  the  other  hand,  evaporation 
is  greatly  reduced  Avithin  the  forest  shade,  and  the  loss  either 
from  wet  ground  or  water  surfaces  thus  protected  is  much  less 
than  in  the  open  field.  The  melting  of  snow  is  retarded  by  the 
shade  of  the  forest,  and  the  same  is  true  of  ice  in  thickly  for- 
ested swamps;  but  the  delay  in  the  melting  of  snow  or  ice  is 
not  sufficient  to  reserve  the  supply  until  needed  in  the  extreme 
low  water  periods  of  August  or  September. 

Outside  of  its  direct  influence  on  the  immediate  disposal  of 
the  rainfall,  it  must  be  noted  that  the  roots  from  vegetable  life, 
penetrating  deeply  into  the  ground,  take  from  the  soil  and  the 
underground  reservoirs  much  water  which  otherwise  would  ul- 
timately reach  the  stream.  After  a  considerable  period  of  dry 
weather,  one  has  only  to  make  a  comparatively  shallow  excava- 
tion in  the  field  and  forests  to  ascertain  how  greatly  the  deep 
roots  from  the  forest  trees  drain  the  soil  of  its  water  to  consider, 
able  depths,  for  the  use  of  forest  growth,  and  consume  instead 


•Forest  Influences.     Bui.  No.   7,  Forestry  Dlv.  U.  S.  Dept.  Agrlc,  P.  181. 
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of  conserve  the  supply  they  are  said  to  store.  It  is  sometimes 
claimed  that  the  penetration  of  these  roots  into  the  ground  is 
favorable  to  seepage,  but  the  writer  has  never  observed  that 
there  is  any  appearance  of  channels  produced  in  this  manner. 

The  Forest  Bed  as  a  RESERVom 

Much  stress  is  laid  by  foresters  on  the  reservoirs  provided  by 
the  forest  beds  which  are  said  to  conserve  the  rainfall  and  to 
regulate  runoflf.  Such  reservoirs  are  largely  ideal  and  are  or- 
dinarily of  small  relative  importance.  The  investigator  will 
hunt  in  vain  in  the  forest  bed  for  the  stored  water  which  is 
claimed  to  regulate  and  augment  the  flow  of  streams. 

There  is  no  mystery  about  the  actual  reservoirs  which  supply 
the  streams  of  Wisconsin.  A  visit  to  the  lakes  and  swamps  will 
show  a  quantity  of  water  therein  contained  which  is  manifest 
and  not  to  be  questioned.  An  excavation  into  the  drainage 
will  uncover  the  underground  sand  and  gravel  and  the  water 
is  there  in  great  quantities.  Its  presence  or  importance  can  not 
be  questioned.  The  surface  waters  from  lakes  and  ponds,  and 
the  ground  watei's  from  sand?  and  gravel,  are  well  known  re- 
sources from  which  extensive  public  and  private  water  supplies 
are  often  obtained ;  but  the  history  of  water  supply  engineering 
fails  to  furnish  one  instance  where  a  forested  area,  as  such, 
has  been  given  any  consideration  in  the  selection  of  a  water 
supply. 

General  Chittenden  after  a  somewhat  detailed  study  of  this 
question  arrived  at  the  following  general  conclusions,  which  the 
writer  believes  to  be  substantially  correct: 

Conclusions  op  General  Chittenden  on  Forest  Influences 

(1)  *'*The  bed  of  humus  and  debris  that  develops  under 
forest  cover  retains  precipitation  during  the  summer  season,  or 
moderately  dry  periods  at  any  time  of  the  year,  more  effectively 
than  do  the  soil  and  crops  of  deforested  areas  similarly  situated. 
It  acts  as  a  reservoir  moderating  the  runoff  from  showers  and 


*  Forests  and  Reaervoirt,  H.  K.  Chlttpnden,  Am.  Soc.  C.  jl».,  |»^|/v*  *«'^«  i    i 
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mitigating  the  severity  of  freshets,  and  promotes  uniformity  of 
flow  at  such  periods. 

(2)  **The  above  action  fails  altogether  in  periods  of  pro- 
longed and  heavy  precipitation,  which  alone  produce  great  gen- 
eral floods.  At  such  time  the  forest  bed  becomes  thoroughly 
saturated,  and  water  falling  upon  it  flows  off  as  readily  as  from 
the  bare  soil.  Moreover,  the  forest  storage,  not  being  under 
control,  flows  out  in  swollen  streams,  and  may,  and  often  does, 
bring  the  accumulated  waters  of  a  series  of  storms  in  one  part 
of  the  water  shed  upon  those  of  another  which  may  occur  sev- 
eral days  later;  so  that,  not  only  does  the  forest  at  such  times 
exert  no  restraining  effect  upon  floods,  but,  by  virtue  of  its  un- 
controlled reservoir  action,  may  actually  intensify  them. 

(3)  **In  periods  of  extreme  summer  heat  forests  operate  to 
diminish  the  runoff,  because  they  absorb  almost  completely  and 
give  off  in  evaporation  ordinary  showers  which,  in  the  oi)en 
country  produce  a  considerable  temporary  increase  in  the 
streams;  and,  therefore,  while  small  springs  and  rivulets  may 
dry  up  more  than  formerly,  this  is  not  true  of  the  larger  rivers. 

(4)  **The  effect  of  forests  upon  the  runoff  resulting  from 
snow-melting  is  to  concentrate  it  into  brief  periods  and  thereby 
increase  the  severity  of  freshets.  This  results  (a)  from  the 
prevention  of  the  formation  of  drifts,  and  (b)  from  the  pre- 
vention of  snow-mdting  by  sun  action  in  the  spring,  and  the 
retention  of  the  snow  blanket  until  the  arrival  of  hot  weather. 

(5)  *'Soil  erosion  does  not  result  from  forest  cutting  in  itself, 
but  from  cultivation,  using  that  term  in  a  broad  sense.  The 
natural  growth  which  always  follows  the  destruction  of  a  forest 
is  fully  as  effective  in  preventing  erosion,  and  even  in  retaining 
runoff,  as  the  natural  forest. 

(6)  **As  a  general  proposition,  climate,  and  particularly 
precipitation,  have  not  been  appreciably  modified  by  the  prog- 
ress of  settlement  and  the  consequent  clearing  of  land,  and  there 
is  no  sufficient  reason,  theoretically,  why  such  a  result  should 
ensue. 

(7)  ''The  percentage  of  annual  runoff  to  rainfall  has  been 
slightly  increased  by  deforestation  and  cultivation." 
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Original  Forest  Conditions  in  Wisconsin 

Roth,  writing  in  1907,  of  the  original  forest  conditions  in 
Wisconsin,  says:* 

*'An  uninterrupted  forest,  extending  from  iDchigan  through 
Wisconsin  into  ^Minnesota  originally  covered  almost  the  entire 
surface  of  these  27  (northern)  counties.  Along  the  southern 
and  southwest43rn  border  these  forests  faded  into  oak  and  jack 
pine  openings,  and  in  places  gave  way  to  regular  prairies.  It 
was  generally  a  mixed  forest  of  white  pine  and  hardwoods  on 
all  loam  and  clay  lands;  it  approached  the  regular  pinery  on 
the  tracts  of  sandy  loam  and  the  red  clays  of  Lake  Superior, 
and  in  all  sandy  and  loamy  sand  districts,  it  was  invariabl}^ 
pinery  proper,  generally  a  mixture  of  white  and  red  (Norway) 
pines.  This  great  forest  changed  in  character  along  a  line  ex- 
tending approximately  through  Range  7  W.  from  Lake  Su- 
perior to  Township  31  N.,  from  here  to  the  southwest  comer  of 
Marathon  county,  and  thence  east  to  Green  Bay.  To  the  east 
and  north  of  this  line,  the  hemlock  joined  the  hardwoods  and 
pine  on  all  gravel,  clay,  and  loamy  lands;  the  birch  disputed 
precedent  among  hardwoods,  so  that  we  may  designate  the  for- 
ests as  birch  forests  with  admixture;  the  red  oaks  were  thinly 
scattered,  and  the  white  oaks  practically  w^anting.  To  the 
south  and  west  of  this  line,  the  hemlock  generally  did  not  grow 
at  all;  the  birch  became  scattering,  w^hite  oaks  were  abundant, 
and  the  oaks  gave  character  to  the  hardwood  mixture,  making 
the  bodies  of  pure  hardwood  distinctly  oak  forests. 

"Along  the  edge  of  the  forests,  to  the  south  and  west,  the 
dense  cover  of  a  variety  of  tall  hardwoods  and  conifers  gave 
way,  rather  suddenly,  to  monotonous  brush  woods,  composed  of 

scattered  bushy  oaks,  either  alone  or  mixed  with  jack  pine." 

#    •    • 

Forest  Conditions  in  1897 

''At  present  these  forests  are  materially  changed.  More  than 
1,000,000  acres  have  been  cleared  and  put  in  cultivation.  Dur- 
ing forty  years  of  lumbering,  nearly  the  entire  territory  has 


•See  Bui.  1.  Wis.  Geo.  &  Nat.  Hist.  Survey. 
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been  logged  over.  The  pine  has  disappeared  from  most  of  the 
mixed  forests,  and  a  greater  proportion  of  pineries  proper  have 
been  cut.  There  is  today  hardly  a  township  where  no  logging 
has  been  done.  In  addition  to  this,  the  fires  following  all  log- 
ging operations  or  started  in  new  clearings  of  the  settlers,  have 
done  much  to  change  these  woods.  Nearly  half  this  territory 
has  been  burned  over  at  least  once.  About  3,000,000  acres  are 
without  any  forest  covering  whatever,  and  several  million  acres 
more  are  but  partially  covered  by  dead  and  dying  remnants  of 
the  former  forests.  In  the  better  hardwood  areas  (Taylor, 
Marathon,  and  Langlade  counties)  the  least  change  has  oc- 
curred ;  the  former  existence  of  the  pine  is  scarcely  noticed,  and 
the  forest  is  damaged  by  fire  only  where  it  borders  on  pine 
slashings  or  spots  where  quite  a  body  of  pine  occurred  and  has 
been  removed.  *  *  •  Where  the  pine  formed  a  heavy  ad- 
mixture, the  remaining  hemlocks  and  hardwoods  are  badly 
damaged,  and  often  entirely  killed,  over  entire  tracts  (parts  of 
Price,  Chippewa,  Sawyer,  and  Washburn  counties).  In  most 
of  the  pine  areas  proper,  the  repeated  fires  have  largely  depleted 
the  land  of  all  the  heavy  debris  in  slashings.  (Oneida,  Mari- 
nette, Washburn  counties,  near  Lake  Superior  at  Ashlnnd  and 
Bayfield,  and  in  Douglas  county.)  Here  are  large  tracts  of 
bare  wastes,  stump  prairie,  where  the  ground  is  sparsely  cov- 
ered with  weeds  and  grass,  sweet  fern,  and  a  few  scattering, 
runty  bushes  of  scrub  oak,  aspen,  and  white  birch.  These  al- 
ternate with  thickets  of  small  pine  which,  in  spite  of  repeated 
fires,  have  escaped  destruction  or  have  re-established  them- 
selves." 

The  above  is  the  forest  condition  as  described  by  Roth  in 
1898,  and  is  further  illustrated  by  Figure  29.  Since  1898  a 
great  deal  of  timber  has  been  cut,  but  no  information  is  avail- 
able at  this  time,  from  which  the  present  approximate  forestry 
conditions  in  the  state  can  be  mapped.  Such  conditions  are,  of 
course,  changing  from  year  to  year. 
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Forestry  in  Wisconsin 

In  1895  a  State  Forestry  Department  was  created  and  a  State 
Forester  appointed.  The  following  extract  from  the  report  of 
the  State  Forester  for  1907  and  1908  describes  the  forestry  pol- 
icy of  the  state  and  the  claims  made  for  the  benefit  of  reforesta- 
tion on  the  improvement  of  stream  flow. 

"The  question  is  often  asked  as  to  just  what  is  the  forestry 
policy  of  Wisconsin  and  for  what  we  are  working.  In  reply  it 
can  easily  be  shown  that  for  certain  reasons  which  will  be  ex- 
plained, the  main  work  which  Wisconsin  should  do  in  forestry 
is  clearly  defined. 

*'In  many  states  the  demand  for  forestry  comes  almost  en- 
tirely from  the  rapid  destruction  of  the  forests  and  the  feeling 
that  the  state  must  take  a  hand  in  conserving  the  timberlands. 
This,  of  course,  in  itself  is  a  most  important  reason  for  estab- 
lishing state  forest  reserves,  but  in  Wisconsin  in  addition  to  the 
question  of  providing  a  future  supply  of  timber,  there  is  the 
even  more  important  necessity  of  protecting  the  headwaters  of 
the  important  rivers,  which  means  also  the  conservation  of  the 
water  powers  and  navigation  as  well.  In  order  to  make  clear 
the  connection  between  forests  and  streams,  the  following  is 
taken  from  the  report  of  this  office  for  1906 : 

**Many  people  do  not  understand  in  just  what  way  forests 
preserve  and  regulate  stream  flow,  and  they  imagine  that  it  is 
brought  about  largely  through  the  influence  of  forests  in  caus- 
ing an  increasing  rainfall.  In  the  arid  plains,  where  for 
months  the  soil  is  parched  dry,  the  cooling  influence  of  great 
bodies  of  forest  have  unquestionably  a  slight  effect  in  causing 
rainfall.  But  in  Wisconsin,  surrounded  as  we  are  on  the  east 
and  north  by  great  lakes,  the  influence  of  the  forest  in  causing 
or  increasing  rainfall  is  probably  so  very  slight  that  it  need 
not  here  be  taken  into  consideration.  However,  everywhere  and 
under  all  conditions,  the  forest  acts  as  a  great  sponge  in  hold- 
ing moisture  and  giving  it  off  gradually,  thus  saving  forested 
countries  from  the  disastrous  effects  of  floods  at  one  season  and 
low  water  at  another.  Anyone  who  will  go  into  the  dense  for- 
est in  early  spring  will  find  the  snow  melting  slowly  when  it 
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has  long  since  disappeared  in  the  open  country.  The  melting 
snow  and  the  falling  rain  in  the  forest  work  down  slowly 
through  the  humus  and  soil  and  are  carried  by  the  roots  to  some 
depth,  often  to  underground  channels,  to  appear  weeks  or 
months  later  in  the  form  of  springs  or  in  small  streams.  Thus, 
streams  which  rise  in  forested  regions  have  a  fairly  even  flow 
throughout  the  year,  while  others,  rising  in  regions  where  the 
timber  has  been  destroyed,  have  violent  floods  in  the  spring 
while  the  snows  are  melting,  or  during  a  rainy  season,  and 
shrink  to  a  mere  trickle  of  water  during  hot,  dry  months. 

*'This  most  important  function  of  the  forest  in  regulating 
stream  flow  is  so  well  known  in  foreign  countries,  where  the 
forests  have  been  intelligently  managed  for  hundreds  of  years, 
that  in  many  sections  the  owner  of  forests  on  an  important 
watershed  is  prohibited  by  law  from  clean  cutting  it.  He  is 
allowed  to  cut  conservatively  under  the  advice  and  management 
of  the  forestry  department,  but  it  is  wisely  held  that  no  person 
has  the  right  to  destroy  forests  on  an  important  watershed,  thus 
causing  floods  and  jeopardizing  the  property  of  so  many  others. 

'*In  this  country  the  most  careful  records  have  been  taken 
for  ten  yeai*s  of  stream  flow  in  forested  and  non-forested  water- 
sheds in  the  San  Bernardino  mountains  of  California,  and  the 
results  are  most  interesting,  as  will  be  seen  from  the  following 
tables : 


Annual    Rainfall   and    Runoff  on   Forested   and   Non-Forettted  Catchment 
Areas  in  the  San  Bernadino  Mountains,  California. 


Area  of  catch- 
ment V)asin. 
Siuare  mile. 

Condition  as  to  cover. 
Forested 

Precipitation. 

Run-off 

per  s<4uare 

mile. 

Run-off 

in  *  of 

precipitation. 

0.70 

Inche  s. 
46 

46 

46 

33 

Acre  Feet 
731 

756 

904 

1,192 

28 

1.05 

Forested 

Forested 

30 

1.47 

36 

.53 

\on- forested  

69 

''Tt  will  be  noted  from  the  above  that  the  runoff  in  the  non- 
forested  basin  w&s  69%,  while  in  the  forested  basins  it  was  only 
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from  28  to  36%,  a  tremendous  gain  for  the  streams  protected 
by  forests.     But  still  more  instructive  is  the  following  table : 


Rapidity  of  Decrease  in  Runoff  After 

the  Close  of  the  Rainy 

Season. 

Area  of 

Catchm't 

Basio 

Condition  as  to 
cover. 

Precipita- 
tion. 

April  Run- 
off per 
SQ.  mile. 

May  run-off 

per 

SQ.  mile. 

June  run-off 

per 

sq.  mile. 

So.  Mi. 
0.70 

Forested 

Inches. 
16 
1.6 
1.6 
1. 

Acre  feet 

153- 

146- 

166- 

56- 

Acre  feet 

66- 

70- 

74- 

2- 

Acre  feet 
25— 

1.05 
1.47 

Forested 

Forested 

SO- 
SO— 

.53 

Non-forested 

0 

**This  table  shows  the  wonderful  influence  that  forests  have 
in  regulating  and  sustaining  stream  flow.  The  second  month 
after  the  rain  had  ceased  to  fall,  the  forested  areas  were  giving 
oflF  from  66  to  74  acre  feet  and  the  non-forested  only  2.  In  June, 
three  months  after  the  rain  had  ceased  to  fall,  the  forested 
areas  were  still  showing  from  25  to  30  acre  feet,  while  the  flow 
from  the  non-forested  area  had  entirely  ceased. 

'*The  water  powers  of  our  rivers  are  one  of  the  most  valua- 
ble assets  of  the  state  but,  as  can  readily  be  seen,  unless  the 
forests  at  the  headwaters  of  these  rivers  are  protected,  the  melt- 
ing snows  in  the  spring  will  cause  freshets  for  a  few  weeks  and 
then  during  the  summer  months  the  water  will  be  so  low  that 
mills  using  water  power  must  either  shut  down  entirely  or  else 
run  only  a  portion  of  the  time.  The  development  of  the  water 
powers  of  Wisconsin  is  in  its  infancy  and  as  the  lumber  indus- 
try dies  out  and  we  look  more  and  more  to  manufacturing,  all 
water  powers,  large  and  small,  will  become  increasingly  valuable 
and  the  necessity  of  protecting  them  more  apparent."  (Report 
of  the  State  Forester  of  Wisconsin  for  1907  and  1908.) 

Discussion  op  State  Forester's  Statements 

The  principal  reason  assigned  in  this  report  for  the  necessity^ 
of  reforestation  is  the  protection  of  the  head  waters  of  streams. 
If  forests  are  really  to  be  considered  of  such  great  advantage 
to  stream  flow,  it  is  unfortunate  that  the  relations  assumed  iA 
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exist  between  forests  and  stream  flow  have  not  been  discussed 
at  greater  length  and  some  evidence  produced  which  would  tend 
to  show  some  possible  relation  between  them.  If  forestry  is  of 
such  great  value  to  stream  regulation  in  Wisconsin,  it  would 
seem  that  proof  of  these  facts  might  be  foimd  in  the  state  itself 
and  without  seeking  evidence  under  conditions  so  obviously  dif- 
ferent from  Wisconsin  conditions  as  they  must  be  on  the  Pacific 
Coast. 

In  view  of  what  has  already  been  presented  in  these  pages, 
it  must  be  clear  to  any  reader  that  the  simple  comparison  of  the 
flow  of  two  streams,  one  forested  and  one  deforested,  will  be  of 
no  value  as  proof  of  forest  influences  unless  it  is  clearly  shown 
that  in  all  other  physical  conditions  the  drainage  areas  are  simi- 
lar. The  rainfall  on  the  forested  areas  described  by  the  state 
forester  is  almost  50  per  cent  greater  than  on  the  unforest^d 
areas;  so  in  this  respect  the  areas  are  not  comparable,  and  no 
other  physical  data  except  area  and  flow  are  given. 

If  these  tables  are  of  any  value  whatever  in  the  discussion  oi 
this  subject,  they  show  that  the  forests  on  the  San  Bernardino 
mountains  have  greatly  decreased  the  annual  flow  of  the 
streams,  but  have  stored  and  distributed  the  remaining  water  to 
greater  advantage  throughout  the  year. 

It  is  worthy  of  note  that  the  annual  runoflf  of  the  deforested 
stream  is  much  greater  than  of  the  forested,  a  ''tremendous 
gain,"  according  to  the  state  forester,  which  a  hydraulic  engi- 
neer who  is  interested  in  the  conservation  of  water  may  not  be 
able  to  recognize,  for  it  is  evident  that  if  the  forester's  deduc- 
tions from  these  tables  are  correct,  the  planting  of  a  forest  on 
a  watershed  involves  a  tremendous  loss  of  water  to  the  stream, 
and  that  stream  regulation  can  be  secured  without  such  loss  by 
a  reservoir  system.  However,  it  is  not  believed  by  the  writer 
that  such  an  assumption  is  just  to  the  actual  results  of  foresta- 
tion,  and  that  no  such  sacrifice  of  runoflf  will  follow  reforesta- 
tion. 
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Importance  of  the  Question  of  Forest  Bunoff  Relations 

The  great  value  to  stream  flow  which  is  claimed  for  forests 
makes  this  question  of  much  importance  to  the  citizens  of  the 
state.  These  claims  have  been  stated  or  assumed  so  frequently 
that  they  have  almost  become  a  popular  superstition ;  and  as  so 
much  seems  dependent  on  them,  it  seems  pertinent  to  inquire 
"Are  such  claims  warranted?''  ''Have  they  any  basis  in  fact!*' 
If  so,  we  can  surely  find  in  the  records  of  Wisconsin  streams  all 
the  proof  necessary  to  substantiate  or  disprove  this  important 
relation. 

Present  Forest  Conditions  in  Wisconsin.* 

(See  also  Appendix  D.) 

While  logging,  in  this  state,  began  perhaps  fifty  years  ago, 
satisfactory  data  are  not  available  showing  the  progress  of  the 
lumbering  industry.  Roth  gives  the  following  figures  for  the 
cut  of  lumber  in  Wisconsin  during  the  twenty-five  years  ending 
in  1897,  and  the  data  for  1900  to  1908  are  taken  from  the  U.  S. 
Census  Bulletin: 

Million  feet  Million  feet 

B.  M.  B.  M. 

1873 1240 

1874 1200 

1H75 i2ao 

1876 1340 

1877 • 1000 

1878 980 

1879 1470 

1880 n>2() 

1881 2190 

1882 258(» 

1883 2750 

1884 2950 

1885 2710 

1886 2680 

1887 2890 

Prom  these  figures  it  is  evident  that  the  heaviest  cuttings  of 
timber  took  place  from  1880  to  perhaps  1900;  and  while  log- 
ging is  still  in  progress,  the  best  timber  is  cut  and  the  industry 
is  on  the  decline.  It  is  evident  that  the  effects  of  deforestation 
on  the  flow  of  streams  should  therefore  be  manifest  by  any  rec- 
ords which  cover  the  flow  of  streams  in  the  northern  part  of 
the  state  from  1890  to  date,  and  that  record  going  back  to  1880 


1889 

3270 

1890 

3660 

1891 

3010 

1882 4010 

1893 

3490 

1894 

3100 

1895 

2800 

1896 

2080 

1897 

2430 

1900 

3389 

1905 

2543 

1906 

2331 

1907 

2003 

1908 

1613 
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or  to  1870  would  cover  a  still  greater  period  oi  defores  ation 
and  should  show,  to  a  still  greater  extent,  the  effects,  if  any, 
of  the  removal  of  foresto  on  the  flow  of  the  streams  of  the  state. 

DRAINAGE  AREA 

The  shape  and  size  of  the  drainage  area  has  much  to  do  with 
the  regularity  of  stream  flow.  The  greater  the  area  the  more 
apt  are  the  conditions  thereon  to  vary  on  various  portions  of  the 
same.  Almost,  or  quite  all,  of  the  various  modifications  which 
are  discussed  in  this  bulletin  may  exist  on  various  portions  of 
the  valley  of  a  great  river;  and  these  local  conditions  will 
greatly  modify  and  radically  affect  the  character  of  the  runoff 
on  the  immediate  streams.  Most  storms  for  example  are  more 
or  less  limited  in  extent,  and,  while  they  may  occur  uniformly 
over  a  small  area,  they  will  differ  widely  over  a  broad  area 
(see  Figure  9).  The  natural  result  is  that  the  smaller  drainage 
areas  will  usually  possess  wider  variations  from  minimum  to 
maximum  flow,  while  the  greater  drainage  areas  are  subject  to 
less  relative  variation  or  at  least  are  not  subject  to  such  ex- 
treme variations. 

The  arrangement  of  the  tributary  streams  may  also  largely 
affect  this  condition  on  the  main  river.  If  the  branch  tributaries 
leave  the  main  stream  at  many  different  points  along  its  course, 
even  a  general  storm  will  assure  the  discharge  of  the  various 
tributaries  reaching  the  main  stream  at  different  times,  and 
will  thus  modify  the  flood  conditions  on  the  same.  Where,  how- 
ever, the  tributaries  enter  the  main  stream  at  or  near  the  same 
point,  and  the  system  is  fan-shaped  in  character,  a  general 
storm  may  concentrate  the  flow  from  the  various  tributaries 
which  will  affect,  in  this  manner,  the  flow  of  the  main  stream 
and  occasion  larger  floods  than  would  occur  under  other  condi- 
tions. 

The  result  of  all  these  conditions  however,  is  not  to  prevent 
flood  conditions  in  the  larger  streams  but  to  materially  reduce 
them  when  compared  with  the  flood  conditions  on  the  various 
tributaries,  except  occasionally  in  the  rare  case  of  the  fan- 
shaped  arrangement  of  tributaries.    A  good  illustration  of  the 
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eflPects  at  different  points  due  to  the  flow  of  a  tributary  stream 
was  shown  in  the  emptying  of  the  Tomahawk  Reservoir  on  the 
Upper  Wisconsin  River  during  the  summer  of  1908.    For  pur- 
poses of  repair,  this  reservoir,  which  contains  a  large  quantity 
of  water,  was  opened  and  its  waters  wasted.    The  effect  of  open- 
ing the  gates  was  said  to  raise  the  water  at  Wausau  about  three 
feet.    Notice  was  sent  along  the  river  that  this  flood  was  on  its 
way.     Construction  was  in  progress  at  Kilboum,  on  the  lower 
river,  and  the  probable  effect  at  that  point  was  looked  for  with 
interest  and  with  some  anxiety.    The  actual  effect  at  Kilboum, 
after  a  flow  of  perhaps  one  hundred  miles,  was  of  small  impor- 
tance.   By  the  time  the  flow  reached  Kilboum  it  had  spread 
out  and  had  become  so  small  in  proportion  to  the  flow  of  other 
tributaries  that  it  raised  the  water  at  Kilboum  not  to  exceed 
two  inches.     It  is  probable  that  the  discharge  of  this  reservoir, 
while  occupying  a  comparatively  brief  period  at  the  controlling 
gates,  actually  affected  the  flow  for  a  week  or  more  at  Kil- 
boum.    Similar  conditions  result  from  the  occurrence  of  local 
storms  on  any  of  the  river  tributaries.     Their  local  effects  may 
be  large  but  the  effect  on  the  flow  of  the  lower  or  main  streams 
Ls  modified  both  by  the  spreading  out  of  the  flow  and  by  the 
reduced  flow  of  other  streams.     On  most  large  rivers,  however, 
many  of  the  conditions  which  modify  rainfall,  and  to  some  ex- 
tent runoff,  are  more  or  less  common  to  the  whole  valley.     Thus, 
for  example,  while  the  gradual  approach  of  the  spring  season 
first  influences  the  flow  of  the  more  southern  rivers,  yet  its  ap- 
proach is  suflSciently  rapid  to  cause  spring  rises  through  the 
Mississippi  Valley.     Heavy  rainfalls  are  also  likely  to  be  quite 
common  throughout  the   valley   during   the   months  of  March, 
April,  and  May,  and  usually  cause  freshets  of  greater  or  less 
magnitude.     The  same  condition  is  also  true  to  a  less  extent  of 
the  fall  rains  which  produce  September  rises  which  commonly 
occur. 

The  condition  of  the  area  relative  to  prevailing  winds  and 
storms,  and  the  direction  of  flow  of  the  river  may  also  modify 
the  conditions  of  runoff.  If  the  storms  commonly  approach 
from  the  direction  of  the  head  waters  of  a  stream  and  progress 
in  the  general  direction  of  the  flow  of  the  stream,  the  conditions 
become  favorable  for  higher  floods  on  the  lower  river.    The  ef- 
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feet  of  winds  in  the  direction  of  flow  is  to  augment  the  rapidity 
of  flow.  This  is,  however,  a  minor  and  usually  insignificant 
eflfect. 

CHARACTER  OP  THE  STREAM  BED 

The  slope  of  the  bed  of  the  stream  may  also  have  much  to  do 
with  the  flood  conditions  in  its  lower  portion.  A  high  slope 
of  the  tributary  streams  may  bring  the  storm  waters  rapidly 
into  the  main  valley,  and,  on  account  of  the  lower  gradient  in 
the  main  stream,  a  more  or  less  extensive  flood  condition  may 
result.  The  section  of  the  stream  itself  has  very  much  to  do 
with  the  character  of  the  flow.  Narrow  gorges  with  steep  sides 
result  in  high  rises,  where  a  broad  valley  will  permit  the  over- 
flow and  a  broadening  out  of  the  stream  with  comparatively 
little  rise.  Falls  and  rapids,  instead  of  high  gradients,  will  re- 
sult in  a  less  rapid  flow  of  streams  in  the  immediate  reaches, 
and  prevent  the  more  rapid  discharge  which  would  occur  if 
the  gradient  was  more  imiformly  distributed  along  the  entire 
length  of  the  stream.  The  direction  of  the  flow  of  the  stream 
may  have  much  to  do  with  the  flood  conditions.  In  the  Missds- 
sippi  Valley,  the  spring  conditions,  approaching  first  from  the 
south,  melt  the  ice  from  the  lower  river,  and  the  river  rapidly 
clears  from  south  to  north  without  producing  congested  flood 
conditions.  The  Ohio  River,  on  the  other  hand,  running  in  a 
westerly  direction,  is  affected  by  the  approach  of  spring  more 
uniformly  throughout  its  drainage  area,  and  the  result  of  the 
spring  floods  on  this  river  is  therefore  more  intense.  On  the 
Red  River  of  the  north,  which  flows  from  ]\Iinnesota  north  into 
Hudson  Bay,  the  ice  on  the  headwaters  is  more  apt  to  break  up 
and  start  out  earlier  than  the  ice  on  its  lower  courses.  Ice  jams 
and  floods  are  apt  to  result  from  these  effects  which  are  seldom 
found  on  the  rivers  flowing  from  the  north  to  the  south. 
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ARTIFICIAL  CONTROL  OP  STREAMS 

The  normal  effects  of  dams  and  similar  structures  on  the  flow 
of  a  stream  are  much  the  same  as  natural  falls  and  rapids.  The 
gradient  of  the  river  is  reduced,  the  velocity  decreased,  and  the 
effect  of  minor  variations  is  materially  modified.  A  series  of 
water  power  dams  in  normal  use  may,  from  the  contingencies 
of  such  use,  exert  a  more  or  less  radical  effect  on  normal  flow. 
The  effects  of  the  use  or  disuse  of  the  water  for  power  purposes 
on  the  flow  of  a  river  is  well  illustrated  by  any  hydrographs 
of  the  lower  Fox  River  (see  Figure  30)  which  show  plainly  the 
effects  of  the  shut  down  of  such  plants  Saturday  night,  even 
during  flood  conditions. 

Reservoirs 

Artificial  storage  reservoirs,  by  means  of  which  the  flood 
waters  can  be  retained  by  controlling  work  and  discharged  dur- 
ing periods  of  minimum  flow,  have  a  much  greater  effect  on 
the  control  of  a  stream  than  can  possibly  obtain  by  the  same 
area  of  natural  lakes,  ponds,  swamps,  and  marshes,  the  flow 
from  which  is  not  artificially  controlled.  The  effect  of  exten- 
sive reservoir  systems  may  materially  modify  and  control  low 
water  flow  of  a  river  and  when  extensive,  may  be  made  the 
principal  factors  in  river  control.  Such  reservoirs  where  they 
occupy  but  a  small  proportion  of  the  drainage  area  suppljdng 
them,  are  not  seriously  influenced  in  their  effects  by  evapora- 
tion. Evaporation  may  be  materially  increased  by  the  con- 
struction of  reservoirs  but  such  evaporation  occurs  from  that 
portion  of  the  water  that  would  otherwise  pass  away  in  flood 
flows  so  that  the  net  result  from  the  reserv^oir  is  to  materially 
modify  and  increase  the  low  water  flow  of  the  stream. 

Many  writers  have  described  the  great  results  that  might  be 
obtained  by  the  storage  of  water  in  the  improvement  of  naviga- 
tion, the  increase  in  water  powers,  the  prevention  of  floods,  etc. 
As  a  rule,  the  results  as  described  by  these  writers  are  ideal 
only  and  cannot  be  realized.  The  practicable  limits  of  storage 
are  not  so  extensive  as  are  usually  imagined.    Figure  31  shows 
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the  ideal  regulatioii  of  the  Hudson  Biver,  based  on  a  proposed 
extensive  reservoir  system  and  the  stream  flow  for  the  years 
1908-09.  From  what  has  previously  been  shown,  it  will  readily 
be  understood  that  with  a  reservoir  system  designed  for  such 
regulation  for  any  given  year,  the  regulated  flow  secured  in 
other  years  of  greater  or  less  flow  will  be  far  diflferent.  Sucn 
regulation,  which  in  this  diagram  shows  an  increase  of  four  or 
five  times  the  low  water  flow,  can  seldom,  if  ever,  be  realized  on 
account  of  the  gr^at  cost  involved. 

The  reservoir  system  at  the  head  of  the  Mississippi  River 
(see  areas  1,  2,  3,  4  and  5  in  Figure  32)  is  perhaps  the  greatest 
artificial  reservoir  system  in  the  world.  It  consists  of  five 
reservoirs,  having  a  total  capacity  of  about  ninety-three  billion 
cubic  feet.  It  is  utilized  principally  to  add  to  the  depth  of  the 
water  during  the  navigation  season.  The  effect  of  this  great 
reservoir  system  on  the  flow  of  the  Mississippi  River  at  Hast- 
ings can  be  seen  by  examining  the  hydrographs  of  the  river  at 
that  place  from  1885  to  date  (see  Figures  92  to  99),  the  reservoir 
system  having  been  put  in  use  about  1885.  In  1905  a  board  of 
engineers  was  appointed  to  determine  the  value  of  this  reser- 
voir system.  Major  Judson,  one  of  the  board,  in  discussing 
this  sj^stem  before  the  Western  Society  of  Engineers,  says: 

'*Each  interest  claimed  that  it  was  suffering,  as  a  result  of 
the  system.  •  •  •  Some  of  the  mills  claimed  that  they  got 
less  water  occasionally  than  they  had  before  the  system  was 
established;  navigation  interests  contended  that  they  received 
but  little  benefit,  and  did  not  especially  care  for  the  mainten- 
ance of  the  system.  Riparians  about  the  reservoirs  wished 
them  abandoned,  so  that  they  might  cultivate  land  for  which 
they  had  received  flowage  damages.  Riparians  below  the  reser- 
voirs contended  that  floods  were  increased,  or  at  any  rate  not 
diminished.     None  of  the  different  interests  ran  parallel. 

**  Suppose  reservoirs  are  operated  exclusively  to  prevent 
floods.  Then  it  is  desirable  to  keep  the  sluices  open  and  the 
reservoirs  empty  at  all  times  except  when  floods  are  threatened. 
Only  at  such  times  would  water  be  accumulated  and  it  would 
be  released  as  soon  as  practicable  to  make  room  for  succeeding 
floods.    If  reservoirs  be  operated  for  the  exclusive  benefit  of 
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water-power  interests,  then  the  gates  are  kept  closed  and  water 
is  accumulated  except  during  very  low  stages  when  water  is 
released  to  increase  the  low  water  discharge.  These  releases 
would  occur,  on  northern  streams,  nearly  all  winter  and  during 
the  low  water  period  of  the  late  summer.  If  reservoirs  were 
operated  to  promote  the  navigability  of  a  stream  below,  then 
releases  would  only  occur  during  low  water  of  the  open  season 
of  navigation. 

**  Notwithstanding  these  conflicts  of  interest,  it  is  indisput- 
able that  reservoirs  can  be  manipulated  so  as  to  return  some 
measure  of  good  to  every  interest,  except  that  centering  around 
the  reservoirs  themselves.  The  distribution  of  benefits,  how- 
ever, must  always  give  rise  to  controversy. 

'*The  good  that  can  be  done  to  the  navigation  interest,  and 
tO  flood  sufferers  as  well,  is  relatively  so  small  that  probably  in 
most  cases  it  would  be  most  in  accordance  with  public  policy  to 
sacrifice  nothing  in  the  operation  of  the  reservoirs  to  these  in- 
terests, but  to  operate  the  reservoirs  exclusively  to  benefit 
water-powers.  Of  course  this  suggests  that  in  most  eases  reser- 
voirs should  be  built  by  associations  of  water-power  owners.'' 

The  only  practicable  method  of  regulating  stream  flow  for 
purposes  of  water  power,  irrigation,  navigation,  and  other  uses 
of  civilization  is  by  the  construction  of  reservoirs  where  suitable 
sites  for  the  same  are  available.  The  construction  of  an  exten- 
sive reservoir  system  on  a  large  river  is  usually  a  very  expen- 
sive matter  and,  as  a  general  rule,  it  is  found  inexpedient  to 
carry  such  construction  to  a  suflScient  extent  to  result  in  a  very 
marked  increase  in  the  low  water  conditions  of  flow  of  a  river 
either  for  water  power  or  navigation  purposes.  On  small 
streams  reservoir  systems  that  will  conserve  th^  waters  for 
water  supplies,  irrigation,  and  even  for  water  power,  when  high 
heads  are  available,  are  often  practicable.  If  the  value  of  these 
hydraulic  resources  increases,  it  may  be  found  that  much 
greater  developments  of  reservoirs  on  large  streams  will  be  de- 
sirable in  the  future  than  have  been  finnacially  practicable  in 
the  past.  A  careful  study  of  this  general  subject,  therefore,  is 
of  great  interest  and  value  to  all  interested  in  hydraulic  re- 
sources.    It  is  essential  in  studying  and  investigating  any  sub- 
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jeet  of  this  class,  where  the  modifying  conditions  are  complex 
and  differ  widely  in  importance  as  the  conditions  differ,  to  bear 
in  mind  that  general  conclusions  are  exceedingly  dangerous; 
that  conclusions  must  always  be  modified  by  the  local  condi- 
tions; and  that  the  conditions  which  are  known  to  exist  on  one 
drainage  area  may  give  results  greatly  at  variance  with  entirely 
different  conditions  which  may  exist  on  some  other  drainage 
area.  Broad  conclusions  are  often  misleading  and  should  sel- 
dom be  made.  Specific  conclusions,  based  on  known  conditions 
and  applying  to  restricted  areas,  can,  however,  be  safely  drawn. 

Dikes  and  Levees 

The  restriction  of  the  channel  by  the  construction  of  dikes 
and  levees  to  prevent  the  overflow  of  low  land  may  result  in  a 
material  elevation  of  the  flood  plain,  and  must  be  considered 
where  such  constructions  are  extensive.  The  obstruction  of 
streams  by  piers  and  abutments,  and  the  encroachments  of 
cities  and  buildings  on  the  waterway,  will  have  the  same  effect 
and  may  result  in  serious  overflow  conditions  due  to  the  eleva- 
tion of  the  flood  plains  by  reason  of  such  obstruction.  Many 
of  the  serious  effects  of  the  flood  of  Kansas  City  ^n  1893  were 
due,  partially  at  least,  to  the  obstruction  of  the  Kaw  River  by 
bridge  piers  and  the  encroachment  caused  by  building  into  the 
stream,  thus  taking  up  the  river  channel  which  was  needed  for 
the  passage  of  extreme  floods. 

Diversions 

It  is  only  necessary  to  point  out  briefly  the  radical  effect  of 
the  diversion  of  water  for  irrigation,  water  supply,  and  the 
feeding  of  navigation  canals.  On  the  lower  Fox  River  the  use 
of  water  for  power  purposes  is  occasionally  withdrawn  for  weeks 
at  a  time  as  all  the  water  available  is  needed  for  the  uses  of  the 
canals.  Such  effects  are  greater  or  less  in  accordance  with  the 
proportion  of  water  removed  from  the  stream,  and  the  amount 
returned  thereto  by  the  seepage  from  irrigated  lands,  from  ir- 
rigation ditches,  and  the  discharge  of  waste  weirs  and  overflow 
water  from  the  canals. 
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The  drainage  of  swamps  and  marshes^  and  of  agricultural 
l<\nds,  also  modifies  to  a  e<msiderable  extent  the  natural  flow  of 
a  stream.  Every  means  provided  for  the  rapid  removal  of 
storm  water  from  the  land  which  formerly  retained  it  will  have 
a  greater  or  less  effect  on  the  resulting  flood  heights  and  conse- 
quently on  the  regimen  of  the  stream. 

Conditions  Favorable  to  Maximum  Runoff  and  Torrential 

Plow 

In  general,  it  may  be  concluded  that  the  conditions  most  fav- 
orable to  maximum  runoff  and  irregular  flow  are  as  follows: 

On  a  bare  rocky  drainage  area,  with  scant  soil,  the  rainfall, 
unhindered  by  the  soil,  gravel,  vegetation  or  forests,  will  flow 
rapidly  into  the  stream,  and  except  for  a  small  amount  of  ab- 
sorption and  evaporation,  the  runoff  will  equal  a  large  percent- 
age of  the  rainfall.  Under  such  conditions  the  stream  will  be 
torrential  in  character.  The  flow  will  gradually  increase  to  a 
maximum  just  after  the  rainfall  has  reached  its  maximum,  and 
as  the  rain  ceases  the  flow  will  slowly  decrease  until  nothing 
but  a  dry  run  is  left,  shortly  after  the  rain  has  ceased,  and  the 
conditions  will  so  remain  until  the  next  rainfall  occurs. 

Conditions  Favorable  to  Maximum  Runoff  and  Equalized 

Flow 

For  conditions  favorable  to  maximum  runoff  and  equalized 
flow,  consider  this  same  rocky  valley,  filled  deep  with  sand  and 
gravel,  with  the  stream  meandering  through  the  center  of  the 
pervious  plain.  Here  different  conditions  will  obtain.  The 
rain,  falling  on  this  area,  will  sink  rapidly  into  the  pervious 
deposits  and  move  slowly  toward  the  river.  Little  of  the  water 
will  be  lost  in  evaporation,  because  the  rainfall  will  immediately 
sink  below  the  surface  and  reach  the  ground  water,  and  is  not 
subject  to  evaporation  effects.  The  great  subterranean  storage 
will  hold  back  the  water  but  permit  it  to  flow  slowly  towards 
the  stream  which  will  be  fed  slowly  and  with  great  uniformity; 
and  while  the  ratio  of  rainfall  to  runoff  in  this  stream  will  be 
high,  it  will  at  the  same  time  be  distributed  with  considerable 
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uniformity  throughout  the  year  and  the  stream  will  become 
peremiial. 

Modifying  Effects  of  Vegetation  on  a  Pervious  Drainage 

Area 

If  the  pervious  drainage  area  just  considered,  be  covered 
by  vegetation,  the  roots  and  fibres  will  obstruct  the  pervious 
surface,  prevent  the  free  access  of  water  to  the  subterranean 
reservoir,  utilize  almost  fully  the  summer  rains  for  their  own 
development,  and  produce  a  surface  runoff  directly  into  the 
stream  at  times  of  heavy  storm,  and  the  proportion  of  rainfall 
that  reaches  the  stream  will  be  materially  reduced  and  the 
stream  flow  diminished.  On  such  an  area,  forests  or  vegetation 
of  any  kind  will  have  a  decided  effect,  and  such  an  effect  will 
be  wholly  detrimental. 

Where  Forests  and  Vegetation  May  Be  of  Benefit  to 

Runoff 

On  the  rough,  rugged  slope  of  the  drainage  area  first  con- 
sidered, the  scant  soil  will  have  little  effect  on  the  runoff,  and 
the  planting  of  forests  or  the  presence  of  vegetation  may  tend 
to  reduce  to  a  limited  extent  the  flood  flows  and  would  hence 
be  beneficial  in  equalizing  the  runoff.  The  same  beneficial  ef- 
fect would  also  result  from  the  planting  of  forests  on  any  im- 
pervious drainage  area  of  high  gradient. 

All  things  considered,  there  can  be  little  doubt  but  that  the 
total  amount  of  water  taken  up  directly  by  a  forested  area  and 
lost  by  evaporation  from  its  foliage  is  very  much  greater  than 
from  any  similar  area  of  other  kinds  of  vegetation.  As  has 
already  been  stated,  vegetation  of  any  kind  on  a  flat  and  per- 
vious surface  is  a  detriment  to  rapid  absorption  into  the  strata ; 
on  the  other  hand,  on  impervious  surfaces  and  steep  slopes,  a 
forest  or  other  forms  of  vegetation  may  be  of  material  benefit 
in  aiding,  controlling,  and  regulating  runoff  during  moderate 
rainfall  conditions.  Impervious  areas,  whether  flat  or  steep, 
may  possibly  be  benefited  by  forests.  Small  lakes  surrounded 
by  forests  undoubtedly  lose  less  water  by  evaporation  than  those 
exposed  directly  to  the  unmodified  action  of  the  winds. 
6      ^  ^2.m] 
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Floods 

As  already  indicated,  the  size  of  the  drainage  area  has  very 
much  to  do  with  the  intensity  of  floods.  On.  account  of  the 
averaging  effect  of  extensive  drainage  areas,  the  discharge  of 
large  streams  is  much  less  per  unit  of  area  than  that  of  small 
streams.  This  fact  is  well  illustrated  by  the  various  observa- 
tions of  the  rates  of  maximum  flood  discharges  of  certain  Amer- 
ican and  European  rivers  which  cover  numerous  observations 
on  rivers  varying  in  drainage  area  from  a  few  square  miles  to 
5,000  square  miles.  (See  Figure  33  prepared  by  Keuchling.) 
Taking  into  consideration  all  of  the  rivers  of  the  United  States 
on  which  observations  have  been  made,  it  is  found  that  these 
discharges  vary  from  almost  two  hundred  and  sixty  cubic  feet 
per  second  per  square  mile  on  small  drainage  areas,  to  a  dis- 
charge of  about  thirty  cubic  feet  per  second  per  square  mile 
on  drainage  areas  of  five  thousand  miles. 

The  extreme  flood  conditions  are  due  to  the  simultaneous  oc- 
currence of  various  circumstances  favorable  to  maximum  runoff. 
Among  these  are  the  conditions  which  have  been  previously  dis- 
cussed, including,  primarily,  long  and  continued  rainfall  gen- 
erally prevalent  on  the  drainage  area,  impervious  condition  of 
the  ground  due  to  frozen,  saturated  soil,  heavy  snow  deposits 
left  from  the  winter,  and  similar  favorable  conditions  on  all  of 
the  tributary  streams.  General  H.  M.  Chittenden  (See  ''For- 
ests and  Reservoirs,''  Am.  Soc.  C.  E.,  Sept.,  1908)  describes 
the  causes  of  various  recent  floods  as  follows: 

''The  great  Kaw  River  flood  of  1903,  which  wrought  such 
havoc  in  Kansas  City,  was  caused  by  a  wholly  exceptional  rain- 
fall over  nearly  all  the  watershed  of  that  stream.  In  the  first 
three  weeks  of  May,  1903,  more  than  the  normal  amount  (4.5) 
for  the  entire  month  fell.  This  was  followed  in  the  next  five 
days  by  3.4  in.,  and  upon  this  was  piled  4.7  in.  in  the  succeeding 
five  days,  by  which  time  the  flood  had  crested. 

*'In  the  flood  of  1906  in  Western  Washington,  which  did 
enormus  damage  and  stopped  railway  traffic  for  upward  of  two 
v;eeks,  the  crest  of  the  flood  occurred  about  the  15th  of  the 
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month.  The  month  of  October  had  been  very  wet,  and  the 
ground  and  forest  storage  was  exhausted.  In  the  first  half  of 
November,  25%  more  rain  fell  than  in  the  normal  for  the 
entire  month,  and  of  this  about  one-half  came  on  the  13th,  14th, 
and  15th. 

**In  the  flood  season  of  1905  on  the  watershed  of  the  Upper 
Mississippi,  there  fell  in  the  month  of  April  above  Pokegama 
Palls  2.55  in.,  in  May,  4.95  in.,  in  June,  8.03  in.,  and  in  July, 
6.88  in.,  a  total  of  22.41  in.  The  normal  for  the  entire  year  is 
26.5  in. 

**In  the  record-breaking  flood  of  1907  in  the  Sacramento 
Valley,  88%  of  the  normal  for  the  month  of  March  (based  on 
21  years'  observation)  fell  in  three  days  (17th-19th),  and,  on 
one  day,  the  precipitation  ranged  from  5  to  8  in.  at  the  different 
stations. 

*'In  the  extraordinary  flood  of  May  and  June,  1908,  in 
Western  Montana,  the  precipitation  for  May,  at  four  selected 
stations,  was  6.5  in.,  and  for  June,  4.2  in.  The  greater  portion 
of  this  fell  late  in  May  and  early  in  June.  The  normal  for  May 
is  2.6  in.  and  for  June,  2.3  in." 

In  the  records  of  a  hundred  years  or  more  of  stream  flow  one 
record  of  maximum,  and  one  record  of  minimum  flow  would 
probably  be  found  that  had  never  been  equaled  during  the  period. 

In  records  for  limited  periods  it  can  never  be  asserted  that 
conditions  resulting  in  the  greatest  possible  extremes  have  oc- 
curred. It  may  be  reasonably  anticipated,  however,  that  a 
record  of  thirty  years  will  give  within  a  few  per  cent  all  con- 
ditions that  may  be  expected  to  obtain  except  under  the  most 
unusual  and  exceptional  circumstances. 

On  the  Wisconsin  River,  records  are  obtainable  of  the  flood 
heights  for  thirty-seven  years,  and  at  Kilboum,  with  a  drain- 
age area  of  some  8,000  square  miles,  the  extreme  flood  seema 
to  have  been  approximately  ten  cubic  feet  per  second  per 
square  mile.  On  the  Rock  River,  at  Sterling,  Illinois,  where 
the  drainage  area  is  approximately  equal  to  that  at  Kilboum, 
the  maximum  flood  flow  experienced  was  about  45,000  second 
feet,  or  approximately  5.6  cubic  feet  per  second  per  square 
mile.     It  is  quite  probable  that  neither  of  these  is  an  extreme 
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condition  and  that  more  favorable  conditions  may  sometimes 
give  rise  to  floods  of  greater  magnitude. 

In  the  estimate  of  flood  heights  and  flood  flows,  it  is  import- 
ant  that  all  facts  be  very  carefully  considered,  and  that  suf- 
ficiently large  estimates  of  floods  be  made  to  guard  against  the 
occurrence  of  loss  and  damage  from  this  cause.  Such  estimates 
should  be  increased  in  accordance  with  the  seriousness  of  the 
results  liable  to  occur  from  extraordinary  flood  conditions.  If 
the  loss  of  life  from  an  underestimate  is  probable,  the  conditions 
become  more  serious  and  estimate  should  be  radically  increased. 
If  loss  of  property  and  resulting  damages  are  liable  to  occur, 
such  estimates  as  the  conditions  seem  to  warrant  should  be 
jnade. 


THE  FLOW  OF  STREAMS 

In  the  previous  discussion,  the  various  physical  conditions 
that  aflFect  runoff  have  been  considered  at  some  length  and  the 
general  theory  of  rainfall  and  its  relations  has  been  briefly  dis- 
cussed and  illustrated.  Many  of  the  principles  that  underlie 
and  modify  the  flow  of  streams  have  also  been  discussed  and 
illustrated. 

The  proof  of  any  theory  is  that  it  shall  logically  explain  all 
the  relations  of  phenomena  to  which  it  applies.  The  question 
may  properly  be  raised  as  to  the  truth  of  the  principles  pre- 
viously discussed  as  shown  by  the  actual  flow  conditions  of  Wis- 
consin rivers.  In  the  following  page  it  is  proposed  to  illustrate 
as  completely  as  practicable  the  variation  in  flow  or  runoff  of 
certain  Wisconsin  streams,  and  the  relations  of  that  flow  to  the 
rainfall  and  its  variations.  The  actual  runoff  itself  will  be 
considered  together  with  the  corresponding  rainfall  conditions 
and  such  other  physical  conditions  as  have  apparently  affected 
the  rainfall-runoff  relations.  The  rainfall-runoff  condition  of 
certain  Wisconsin  streams  for  the  last  thirty  to  forty  years  will  be 
examined,  and  any  change  in  the  relations  of  the  conditions  will 
he  noted.  This  period  represents  the  period  of  greatest  activity 
in  the  settlement  of  the  country,  the  improvements  of  lands,  the 
cutting  of  timber,  the  drainage  of  marshes.   Surely  if  deforesta- 
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tion  has  the  eflFect  claimed  for  it,  such  effect  must  be  fully  mani- 
fest within  the  period  discussed ;  otherwise  we  can  but  conclude 
that  the  effects  of  deforestation  and  other  works  of  man  are,  so 
far  as  stream  flow  is  concerned,  insignificant  and  unworthy  of 
consideration.  Surely  the  expenditures  of  valuable  energy  and 
large  sums  of  money  are  only  warranted  by  tangible  results. 


The  Plow  of  Streams 


Prom   Drmnage 
Characters 


Areas  of  Various 


The  fluctuations  in  the  flow  of  streams  having  various  char- 
acters of  drainage  areas  are  well  illustrated  by  Figure  34,  which 
shows  hydrographs  of  various  streams  in  New  York  State.  The 
hydrograph  of  the  Hudson  River  closely  resembles  that  of  most 


Fig.  35.— Map  Showing  Drainage  Area  of  the  Oswego  River,  New  York,  and  Natural 

Storage  of  Same. 


[260] 


Digiti 


ized  by  Google 


MEAD — FLOW  OP  STREAMS  AND   FACTORS  THAT  MODIFY   IT        87 

Wisconsin  streams.  The  drainage  area  of  this  stream  is  in  the 
Adirondack  Mountains,  and  its  character  is  similar  to  that  of 
the  streams  of  Wisconsin.  The  Oswego  River  has  a  large 
amount  of  lake  storage  on  its  drainage  area  (See  Figure  35), 
and  the  flow  is  unusually  steady.  The  Genesee  drainage  area 
(See  Figure  36)  has  little  storage  and  its  flow  is  unusually 
variable. 

General  Relations  of  Precipitation  and  Runoff 

It  has  been  previously  stated  that  other  things  being  equal, 
the  runoff  will  increase  with  the  rainfall.  The  relative  runoff 
during  the  year  while  of  necessity  varying  with  the  rainfall  is 
so  greatly  affected  by  other  factors  that  on  an  average  the  maxi- 
mum runoff  does  not  occur  in  the  month  of  maximum  rainfall. 
The  average  monthly  rainfall  and  the  average  monthly  gage 
height  on  three  rivers  of  Wisconsin  are  shown  in  Figure  37, 

Example  Showing  the  Relation  op  Precipitation  to  Runoff 

The  principle  that  the  maximum  runoff  does  not  necessarily 
occur  in  the  month  of  maximum  rainfall  is  well  illustrated  by 
Figures  38  and  39  which  show  the  hydrographs  of  the  Passaic 
River  at  Little  Falls,  New  Jersey,  for  the  seventeen  years  from 
1877  to  1893  inclusive.  On  these  diagrams  are  also  given  the 
monthly  rainfall  on  the  Passaic  drainage  area.  From  these 
hydrographs  it  will  be  seen  that  the  relations  between  rainfall 
and  runoff  are  not  direct  but  are  materially  modified  by  other 
factors.  It  will  be  noted  that  rainfalls  of  three  or  more  inches 
per  month,  during  the  earlier  portions  of  the  year,  give  rise  to 
flow  of  considerable  magnitude,  whereas  similar  or  even  greater 
rainfall  during  the  summer  months  has  little  or  no  effect  in 
augmenting  the  flows  of  the  stream.  These  facts  can  readily 
be  appreciated  by  noting  the  comparatively  small  rainfall  dur- 
ing February  and  ]\Iarch  of  1878,  1882  and  1884  and  the  con- 
siderable flows  during  these  months  resulting  therefrom, 
augmented,  of  course,  by  the  snow  deposited  on  the  drainage 
area  during  the  previous  winter  which  snows  are  melted  and 
carried  off  by  the  rains  of  these  months.    If  these  flows  are  com- 
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Fig.  36.— Map  Showing  Drainage  Area  of  Genesee  River,  New  York  (limited  storage). 
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Pig.  37.— Diagrams  Showing  Relation  of  Average  Monthly  Rainfall  and  Average 
Stream  Flow  on  Various  Rivers  of  Wisconsin. 
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Discharge  in  Cu.  Ft.  per  Second  per  Square  Mile. 
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pared  with  the  small  ones  arising  from  7.26  inches  of  rainfall  in 
August  of  1885,  and  1893,  the  effect  of  other  factors  will  be 
manifest.  Occasionally  years  of  high  precipitation  will  be  ae- 
compunied  by  floods  of  considerable  magnitude  throughout  the 
season.  In  this  connection  the  high  water  during  1889  should  be 
noted.  The  floods  early  in  August  of  that  year  resulted  from  a 
rainfall  during  the  preceding  months  of  nearly  fourteen  and 
one-half  inches.  If  such  a  rainfall  had  occurred  in  March,  w4th 
a  large  amount  of  snow  from  the  previous  winter's  precipitation 
already  deposited  on  the  drainage  area,  the  extent  of  the  flood 
would  undoubtedly  have  been  ver>'  great. 

On  this  drainage  area,  fall  floods  are  not  uncommon  but  do 
not  always  occur.  The  exceedingly  high  rainfall  in  September, 
1882,  gave  rise  to  apparently  the  highest  flood  flow  on  this 
stream  shown  in  these  seventeen  years  of  record.  The  cause  for 
such  a  condition  is  not  entirely  obvious  from  the  chart  but  was 
apparently  due  to  concentration  of  the  unusually  heavy  rainfall 
of  the  month. 

These  hydrographs  clearly  prove  that  the  runoff  is  modified 
by  other  factors  almost  or  quite  equal  in  importance  to  the 
amount  of  precipitation  for  any  period.  Among  other  things, 
it  is  obvious  from  these  hydrographs  that  the  runoff  is  modified 
not  only  by  the  total  quantity  of  precipitation  but  by  its  oc- 
currence or  distribution  throughout  the  year. 

General  DiscrssioN  of  PRECiPiTATioN-RrNOPP  Relations 

It  is  desirable  with  these  diagrams  in  view  to  summarize 
briefly  the  causes  of  variation  in  the  rainfall-runoff  relations. 
The  causes  of  the  variations  in  the  ratio  of  runoff  to  rainfall 
at  various  seasons  of  the  year  are,  in  general,  quite  evident 

During  the  ''Storage''  period  (December  to  May)  the  winter 
snow  and  the  spring  rains  usually  saturate  the  ground  where 
pervious  deposits  exist  to  a  great  depth,  and  a  large  amount 
of  water  is  held  in  storage  both  in  lakes  and  swamps,  and  in 
soils  and  gravels,  where  such  exist  on  the  drainage  area.  A 
heavy  rainfall  in  the  latter  part  of  this  period  of  the  year,  after 
the  ground  is  thoroughly  saturated,  finds  a  quick  response  in 
large  stream  flows,  for  the  saturated    ground    rejects    further 
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wat^r,  and  the  water  runs  rapidly  from  the  surface.  The  stored 
soil  water,  at  this  period  of  the  year,  which  lies  within  the 
boundaries  of  a  watershed,  and  above  the  level  of  the  surface 
of  the  stream,  is,  or  may  become,  available  to  supply  the  stream. 
Such  waters  will  feed  a  stream  until  exhausted,  regardless  of 
the  amount  of  rainfall  during  the  ** Growing''  period  (June  to 
August),  and  may  with  favorable  conditions  cause  a  stream  flow 
for  several  months,  even  with  deficient  rainfall.  Such  con- 
ditions, however,  vary  widely  with  each  watershed.  When 
these  conditions  are  favorable,  large  rainfall  during  the  storage 
period  will  generally  assure  a  more  uniform  flow  during  the 
summer  months,  when  the  mimimum  flow  of  the  river  usually 
takes  place. 

The  ground  water,  when  pervious  deposits  exist  on  the  drain- 
age area,  usually  furnishes  more  or  less  of  the  stream  flow, 
beginning  some  times  early  in  May.  During  June,  July,  and 
August  the  rainfall  is  rarely  sufficient  to  take  care  of  evapora- 
tion and  plant  life  without  something  of  a  draft  on  the  ground 
water,  and  the  stream  flow  is  usually  entirely  dependeirt  on  the 
ground  water  for  such  purposes  during  this  period  except  with 
unusually  heavy  rainfall  conditions. 

Relation?;  of  Dah^y  Precipitation  and  Stream  Plow 

To  illustrate  graphically  the  average  daily  rainfall  on  a 
drainage  area  and  its  effect  on  the  daily  flow  of  the  stream,  dia- 
grams have  been  prepared  (see  Figures  40  and  41)  on  which 
have  been  plotted  the  varying  flow  from  day  to  day  of  the 
Wisconsin  River  at  Necedah,  Wisconsin  (see  Map,  Figure  42). 
The  drainage  ai*ea  above  this  station  is  5,800  square  miles.  The 
flow  has  been  computed  from  daily  gage  height  observations 
and  relative  stream  flow  observations  made  under  the  direction 
of  the  U.  S.  Geological  Survey  and  substantiated  by  flow  ob- 
servations and  measurements  made  under  the  direction  of  the 
writer  at  Kilboum,  Wisconsin,  and  at  the  Necedah  station.  It 
is  believed  that  the  resulting  hydrographs  are  fairly  accurate 
within  a  few  per  cent.  The  rainfall  observations  were  compiled 
from  the  reports  of  the  U.  S.  Weather  Bureau.  Five  stations 
were  taken,  well  distributed  over  the  drainage  area,  and  the 
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/v^yr  /wg. 


Fig.  40.— Hydrographs  Showing  Daily  Precipitation  and  RunofT  of  the  WiscDDsIa 
River  Above  Necedali,  Wis.  (1903—1906). 
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-Hydrographs  Showing  Dally  Precipitation  and  Runoff  ol  the  Wisconsin 
River  Above   Necedah,   Wisconsin   (1907-1910). 
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Fig.  42.— Drainage  Areas  of  the  Wisconsin  River  Above  Prairie  da  Sae,  Wiseonfln. 
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observations  of  the  daily  rainfall  at  each  station  were  averaged 
for  the  daily  rainfall  of  the  area  (see  Table  3).  It  is  believed 
that  the  results  are  fairly  representative  although  the  errors 
involved  are  probably  greater  than  in  the  case  of  the  runoff. 

The  effects  of  precipitation  of  various  degrees  of  intensity 
and  at  various  seasons  of  the  year  are  well  illustrated  by  these 
diagrams,  and  the  discussion  on  the  general  relations  of  rainfall 
to  runoff  (see  page  120)  are  emphasized  and  demonstrated 
thereby.  The  effect  of  precipitation  on  the  flow  of  the  stream 
at  the  point  of  observation  is  less  immediate  in  the  case  of  a 
lai'cre  area,  as  considered  in  these  diagrams,  than  it  is  in  the  case 
of  smaller  areas. 

The  year  1903  was  the  year  of  maximum  rainfall  of  those 
included  in  these  diagrams.  The  rainfall  was  well  distributed 
and  unusually  heavy  in  the  months  of  May,  July,  August,  and 
September.  The  summer  flow  was  therefore  unusually  favorable, 
and  the  groimd  water  was  well  maintained,  and  although  the 
rainfall  of  October,  November,  and  December  was  below  the 
average,  the  fall  flow  was  sustained  from  the  ground  water 
(see  Figure  43,  Diagrams  for  1903  and  1904).  Similar  con- 
ditions obtained  for  the  years  1904,  1905  and  1906,  although  the 
rainfall  of  these  years  was  only  at  or  near  the  mean.  In  the 
falls  of  1905  and  1906  the  rainfall  was  heavier  and  the  draft 
on  the  ground  water  was  not  so  great.  For  the  years  1907  to 
1910,  the  rainfall  was  below  the  average.  The  low  rainfalls  of 
October,  November,  and  December  of  1907  resulted  in  low  flows 
for  those  montlis  and  for  January,  February,  and  March  of 
1908.  The  rainfall  of  April,  May,  June,  and  July  of  1908  was 
fairly  high,  and  the  flow  of  the  streams  in  consequence  weU 
maintained,  although  a  considerable  draft  on  the  ground  water 
was  necessary  to  maintain  it.  The  rainfall  of  the  balance  of  the 
year  was  unusually  low,  and  as  the  ground  water  had  already 
been  partially  exhausted,  the  latter  months  of  the  year  were 
among  the  lowest  in  flow  on  record.  The  rainfall  conditions  in 
1909  were  better,  although  the  spring  flow  was  low  on  account 
of  the  depletion  of  the  ground  water  during  the  previous  fall. 
The  highwater  of  April,  May,  and  June  was  moderate,  and  the 
summer  flow  was  poorly  maintained  as  the  rainfall  was  appar- 
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ently  only  sufficient  to  supply  evaporation  and  vegetation.  The 
November  rains  were  above  normal,  resulting  in  a  fairly  heavy 
flow  from  the  middle  of  November  to  the  end  of  the  year,  and 
a  fair  flow  in  January,  February,  and  March  of  1910.  The  peak 
of  the  high  water  of  April,  1910,  was  the  lowest  ever  ex- 
perienced on  the  Wisconsin,  and  the  early  exhaustion  of  the 
ground  water  due  to  deficient  rains  and  the  low  rainfall  through 
the  season,  resulted  in  the  lowest  year's  flow  experienced  on  the 
Wisconsin  River  since  the  beginning  of  flow  records  in  1873. 
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Cumulative  Diagrams 

The  same  data  shown  in  Figures  40  and  41  are  shown  in  dif- 
ferent form  in  Figures  43  to  46  inclusive.  In  these  diagrams 
cumulative  progressive  curves  of  rainfall  and  runoff  are  shown 
from  which  the  total  amount  of  either  can  be  determined 
between  any  dates  by  reference  to  the  vertical  scale.  On  these 
diagrams  are  also  shown  ** retention"  curves.  These  curves 
show  the  difference  between  the  rainfall  and  the  runoff  and 
represent  the  quantity  of  the  rainfall  retained  on  the  drainage 
area,  including  the  quantities  evaporated,  used  by  vegetation,  or 
temporarily  held  in  storage  in  lakes,  swamps,  gravel,  etc.  The 
retention  curve  of  the  diagrams  of  1903  and  1904,  during  Oc- 
tober, November,  and  December,  shows  plainly  the  release  of 
one  to  two  inches  from  storage,  and  the  same  phenomena  are 
seen  in  the  early  part  of  the  season  of  1905, 1906, 1907  and  1910, 
as  well  as  at  other  times.  This  phenomenon  is  often  observed 
through  the  summer  season  when  the  losses  by  evaporation  and 
the  amounts  used  by  plant  life  are  large  and  the  rainfall  com- 
paratively heavj'. 

In  1905,  the  discharge  to  the  last  of  April  was  greater  than 
the  rainfall  to  that  date,  and  the  retention  curve  shows  that  the 
storage  as  snow  and  ice  retained  from  December,  1904,  has  been 
returned  to  augment  the  runoff. 

The  retention  curve  in  April,  1906.  shows  a  return  of  fully 
three  inches  to  the  discharge. 


MONTHLY  RELATIONS 

The  consideration  of  rainfall-runoff  relations,  from  the  stand- 
point of  daily  observations,  involves  such  a  multiplicity  of  data 
as  to  be  almost  or  quite  impracticable  except  for  a  most  de- 
tailed study.  In  addition  to  this,  records  of  daily  observations 
are  only  available  for  a  brief  term  of  years,  while  monthly  and 
yearly  records  can  often  be  secured  for  much  longer  periods. 
It  is  important,  therefore,  to  determine  as  clearly  as  possible 
wliat  relations  may  be  established  between  the  total  precipita- 
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Fig.  43.— Cumulative  Curves  of  Rainfall,  Runoff  and  Retention  on  the  Wlsconiln 
River  Above  Necedah,  Wisconsin  (after  Landa). 
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Fig.  44. 


-C\iniulatlve  Curves  of  Rainfall.  RunofT  and  Retention  on  the  Wisconsin 
River  Above  Necedah,  Wisconsin  (after  Landa). 
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45— C?umulatlve  Curves  of  Rainfall,  Runoff  and  Retention  on  the  Wisconsin 
River  Above  Necedah,  Wisconsin  (after  Liiuda). 
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Pig.  4(5.— Cumulative  Curves  ol  Ealnfall,  Runofl  and  Retention  on  the  Wlsconiln 
Blver  Above  Necedab,  Wisconsin  (after  Landa). 
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tion  for  the  month  or  year  and  the  mean  conditions  of  flow  dur- 
ing corresponding  periods.  In  the  consideration  of  the  monthly 
relations,,  attention  is  again  called  to  the  fact  that  the  pre- 
cipitation of  the  previous  month  may  have  a  decided  effect  on 
the  flow  of  the  month  considered ;  also  that  in  the  case  of  early 
months  of  the  year  the  snowfall  of  the  preceding  months,  and 
the  temperature  of  the  month,  will  frequently  have  more  direct 
effect  on  the  monthly  runoff  than  the  total  monthly  rainfall.  The 
diagrams  in  Figures  47  and  48  show  the  monthly  rainfall-runoff 
relations  for  three  small  drainage  areas  near  Philadelphia.  All 
of  these  data  point  to  a  close  mutual  relation  of  rainfall  to  run- 
off, modified,  as  has  been  pointed  out,  by  certain  concurrent 
conditions.  Conclusions  from  the  limited  data  of  measured 
flow  on  the  Wisconsin  and  other  rivers  of  the  state  may  be 
sustained  or  confirmed  by  deductions  based  on  gage  heights 
which  have  been  observed  on  various  rivers  under  the  direction 
of  the  U.  S.  engineer  at  various  points  in  or  adjoining  the 
state.  Gage  height  is  a  function  from  which  measured  flow 
can  be  determined  if  the  relations  are  stationary  and  well 
established  or  if  established  for  each  condition  where  conditions 
are  changing. 

The  relations  of  gage  height  to  flow  are  not  direct  but  are 
nevertheless  sufficiently  determinate  to  afford  a  relative  measure 
of  flow  which  renders  their  consideration  of  much  value. 

Observations  of  daily  gage  heights  have  been  made  on  the 
Wisconsin  River  at  Portage  since  1873.  The  early  observations 
were  made  during  the  navigation  season  only,  but  usually  cover 
the  extreme  conditions  of  flow  and  are  fairly  indicative  of  the 
conditions  of  the  year.  The  diagrams  in  Figures  77  to  85  (see 
Appendix  A,  page  149)  inclusive,  show  the  relations  of  daily 
gage  height  throughout  the  year  from  1873  to  1910  inclusive, 
thus  giving  the  data  for  the  detailed  study  of  the  flow  con- 
ditions of  this  stream  for  thirty-seven  years. 

Similar  data  for  the  Wolf  River  for  the  years  1888  to  1910 
are  shown  in  Figures  87  to  91  (see  Figure  86,  and  also  Appen- 
dix B,  page  164),  and  for  the  upper  Mississippi  River  at  Hast- 
ings, Minn.,  for  the  years  1880  to  1909,  in  Figures  92  to  99 
(see  Figure  32,  also  Appendix  C,  page  175).     These  data  are 
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Pig.    47.— Ealnfall    and    Runoff,    Tohlckson,   Neshamlny    and   Perklomen    Creeks, 
Near  Philadelphia,   Pa. 

Horizontal   Ordinates— Rainfall   In    Inches. 
•     Tohickson  Creek  Watershed— Area  102.2  Sq.  Miles. 
A    Neshaminv     "  "        —     **     130.3  *' 

°     Perkiomen      **  •'        —     "     152.9  " 
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Tig.   48.— Rainfall    and   Runoff.    Tohlckson.    Nesbaminy    and    Perklomen    Creeks. 
Near   Philadelphia.   Pa. 

Horizontal   Ordinatcs— Rainfall   in    Inches. 

*    Tohici<son  Creek  Wat«^rshed     Area  102.2  S«|.  Milos. 
lS   Neshaminv     '*  "  -  -     "     VM).:\    " 

°    Perkiomen      '*  "  -      "     152.0    *• 
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given  in  detail  together  with  tabulations  of  rainfall,  etc.,  in  order 
that  the  conclusions  herein  contained  may  be  fully  understood. 

Monthly  Relations  op  Precipitation    and    Runoff  on  the 
Wisconsin  River 

Figure  48  is  a  study  of  the  monthly  rainfall-runoflf  relations 
at  Portage  for  the  entire  period.  In  this  diagram  the  mean 
gage  height  for  the  month  shows  the  relative  runoff.  If  these 
relations  be  considered  for  any  one  month  of  various  years,  we 
find  a  more  or  less  marked  relation  between  increased  rainfall  and 
increased  stream  flow.  The  increase  is  not  always  proportional, 
as  indicated  by  the  inclined  lines  drawn  on  the  diagrams,  and 
the  departure  from  the.  rule  measures  both  the  effect  of  other 
factors  and  the  error  in  comparative  rainfall  measurements,  due 
to  our  artificial  divisions  of  time.  The  same  month  for  each 
period— 1873-1885,  1886-1897,  and  1898-1904— is  represented 
by  a  different  siTubol,  so  that  the  effects  of  changes  on  the 
drainage  area,  if  any,  may  be  noted. 

The  relations  of  precipitation  to  runoff  for  January, 
February%  ]March,  and  April,  as  might  be  expected  on  account 
of  the  modifying  effects  of  the  winter's  snow  and  ice  deposits, 
are  somewhat  obscure.  In  May  the  effect  of  increased  rainfall 
is  quite  obvious,  although  in  some  cases  the  winter's  storage  has, 
apparently,  affected  the  flow.  In  June  the  effects  of  increased 
rainfall  are  quite  apparent.  In  July  and  August  while  some 
effects  of  increased  rainfall  are  apparent,  the  flow  is  in  general 
independent  of  rainfall  and  is  apparently  most  largely  supplied 
from  the  ground  water.  In  September  and  October  the  in- 
creased runoff  due  to  increased  rainfall  is  again  more  ap- 
parent. In  some  cases  the  flow  is  evidently  still  maintained  by 
the  groimd  water,  while  in  other  cases  the  exhausted  ground 
water  was  evidently  being  replenished  by  the  rainfall.  In 
November  and  December  the  relations  are  again  somewhat  ob- 
scured by  the  condition  of  the  ground  water;  the  relative  flow 
has,  however,  increased  during  the  last  three  months  as  vegeta- 
tion has  decreased. 

It  is  evident  from  these  diagrams  that  no  marked  changes  in 
the  rainfall-runoff  relations  for   these    different   periods  have 
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Pfg.  49.— Comparative  Monthly  Precipitation  and  Runoff  of  the  Wisconsin  River 
at  Portage,  Wisconsin. 


[28:^1 


Digiti 


izedbyCnOOgle 


110  BULLETIN  OP  THE  UNIVERSITY  OF  WISCONSIN 

taken  place.  In  some  months  the  flow  for  the  lighter  rains 
seems  to  be  better,  and  for  the  heavier  rains,  poorer  in  the 
earlier  periods.  Taking  into  account  all  conditions  of  rainfall 
as  shown  by  these  diagrams,  if  there  are  any  changes  in  fhe 
flow  relations  from  the  earlier  to  the  later 
slight  as  to  be  immaterial. 

Chronological.  View  op  Precipitation — ^Runoff  Relations  on 
THE  Wisconsin  River 

A  chronological  view  is  perhaps  better  shown  by  Figure  50, 
on  which  the  mean  monthly  gage  height  is  considered  month  by 
month  with  the  corresponding  rainfall  conditions.  The  high 
water  peak  for  each  year  is  shown  by  an  arrow,  and  the  ex- 
treme low  water  is  indicated  by  a  point.  It  will  be  noted  that 
the  high  water  does  not  always  occur  in  the  same  month,  al- 
though as  a  rule  the  high  water  peak  occurs  in  the  spring  when 
the  stored  snow  and  ice  are  melting  and  running  off.  The  fall 
floods  that  occurred  in  1881-1900  and  1903  were  the  result  of 
most  extraordinary  rainfall  conditions  as  is  clearly  indicated 
on  the  diagram.  The  extreme  floods  of  early  summer  in  the 
years  1880  and  1905  were  also  the  result  of  exceptional  maxi- 
mum rainfall  conditions.  These  flood  conditions  are  clearly  ex- 
plained by  the  corresponding  rainfall  conditions  and  are  clearly 
not  the  result  of  drainage  work  or  deforestation. 

The  time  of  occurence  of  floods  on  the  Wisconsin,  Wolf,  and 
Mississippi  rivers  is  well  shown  by  Figure  51,  which  shows  the 
day  of  the  flood  peak  and  its  gage  height.  Similar  chronological 
monthly  diagrams  for  the  Wolf  River  above  New  London,  and 
for  the  Mississippi  River  above  Hastings,  Minnesota,  are  shown 
in  Figures  52  and  53.  Figures  54  and  55  show  a  direct  com- 
parison of  the  actual  monthly  quantities  of  precipitation  and 
runoff  measured  in  inches  on  the  Wisconsin  and  Menominee 
drainage  areas  at  Merrill,  Wisconsin,  and  Iron  Mountain,  Mich- 
igan, respectively,  for  the  years  1903  to  1907.  A  careful  study 
of  these  diagrams  will  lead  to  the  same  conclusion  as  of  that 
for  the  Wisconsin  River. 

The  relation  of  quantity  of  rainfall  to  actual  quantity  of 
stream  flow  on  certain  Wisconsin  streams  is  shown  by  Figures 
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56  to  59  inclusive,  which  give  these  relations  for  each  montli 
of  the  year.  These  diagrams  are  worthy  of  careful  considera- 
tion. The  diagonal  lines  indicate  percentage  relations  of  the 
monthly  runoff  to  the  monthly  rainfall.  If  these  diagrams  be 
examined  in  detail,  it  will  be  noted  that  in  January  while 
the  rainfall  is  low,  not  averaging  more  than  an  inch  and  a  half, 
the  rimoff  as  a  rule  is  fairly  high,  sometimes  running  up 
to  over  100  per  cent ;  such  a  condition  is  due  to  the  fact  that  snow 
perhaps  from  the  previous  month,  has  melted  and  run  off  so 
that  the  current  nmoff  was  greater  than  the  rainfall.  The  same 
is  true  for  February,  ^lareh,  and  April.  As  the  conditions  for 
the  later  months  are  examined,  it  will  be  noted  that  the  rainfall 
has  increased  somewhat  and  that  the  runoff  is  also  increased. 
The  April  runoff  is  often  much  above  the  rainfall  because  dur- 
ing March  and  April  the  winter  snows  are  melted  and  run 
away,  and  the  actual  runoff  of  the  stream  is  frequently  much 
above  the  rainfall,  especially  where  the  rainfall  for  the  month 
is  low.  In  some  cases  the  actual  runoff  for  certain  drainage 
areas  may  be  about  three  times  the  rainfall  for  particular 
years. 

On  account  of  the  conditions  in  January  and  February,  due 
to  the  frozen  ground,  the  lowest  stream  flow  of  the  year  occurs 
in  these  months.  In  March  and  April,  and  sometimes  in  May. 
a  very  high  stream  flow  results  because  of  the  stored  waters  in 
the  form  of  ice  and  snow  from  the  preceding  winter. 

In  the  later  months — May,  June,  July,  and  August — the  run- 
off begins  to  grow  less.  In  June  a  decided  reduetion  in  flow 
ivill  be  noted.  The  flow  will  perhaps  average  over  50%  in  May ; 
the  average  Is  less  than  50%,  probably  not  more  than  40%  in 
June ;  and  in  July  it  is  still  less.  It  will  be  noted  that  in  many 
oases  the  point  falls  below  the  25%  line  in  July;  in  August  it 
drops  still  farther,  and,  in  some  cases  the  runoff  is  not  more 
than  5%  of  the  rainfall;  in  September  it  is  still  low  but  is 
beginning  to  ris^e  again.  The  rainfall  is  heavier  in  May,  June 
July,  and  August  than  earlier  in  the  season,  yet  the  stream  flow 
is  much  less.  The  reason  for  this  drop  in  the  percentage  of 
runoff  is  quite  evident. 

An  examination  of  the  conditions  prevailing  on  most  drain- 
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Fig.  56.— Monthly  Rainfall  and  Bunoff  Relations  on  Wisconsin  Streams. 
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V\g.  57.— Monthly  Rainfall  and  Ranofl  Rdatlon  on 
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FIff.  58.— Monthly  Rainfall  and  Runoff  Relation  on  Wisconsin  Streams. 
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age  areas  makes  it  apparent  that  while  many  conditions  modifyi 
the  relation  between  rainfall  and  runoff  for  any  monthly  period, 
yet,  the  presence  or  absence  of  vegetation  is  usually  one  of 
the  most  important  factors  in  this  variation.  During  the  sum- 
mer months  the  vegetation  on  a  drainage  area  takes  up  and 
utilizes  in  plant  growth  large  volumes  of  water  which  in  many 
cases  would  otherwise  flow  away  or  sink  into  pervious  strata 
and  augment  the  flow  of  streams.  Evaporation  is  also  a  factor 
which  may  or  may  not  be  important  according  aj  the  water  is 
held  near  the  surface  by  a  more  or  less  impervious  soil  or  ab- 
sorbed and  removed  from  such  influence  by  deep  porous  beils 
The  flow  of  streams  is  kept  up  during  the  summer  season  most' 
largely  from  waters  that  are  stored  in  the  ground  and  that 
gradually  flow  out  and  make  a  perennial  stream  possible.  Very 
heavy  rainfall  may  occur  and  sometimes  does  occur  during  the 
summer  months.  A  rainfall  of  6  or  7  inches  during  the  month 
01  March  or  earlier  in  the  season,  would  cause  a  great  flood,  but 
in  the  summer  time,  with  vegetation  at  its  best,  such  a  rainfall 
might  cause  no  increase  in  the  flow  of  a  stream.  It  is  all  taken 
up  by  evaporation  or  by  vegetation  and  is  lost,  so  far  as  stream 
flow  is  concerned. 

As  the  relations  are  traced  later  in  the  season,  it  will  be  seen 
that  the  stream  flow  begins  to  increase  as  vegetation  decreases. 
In  November  the  comparative  flow  has  increased  materially,  and 
in  December  it  is  usually  still  higher. 

Comparative  Hydrographs    of  Various    Drainage  Areas  on: 
THE  Wisconsin  River 

Figures  60  and  61  show  the  comparative  hydrographs  of  the- 
drainage  areas  above  Rhinelander,  Merrill,  Necedah,  and  Kil- 
bourn  on  the  "Wisconsin  River.  The  discharges  from  day  to  day 
on  these  hydrographs  are  expressed  in  cubic  feet  per  second 
per  square  mile  of  drainage  area. 

The  drainage  areas  of  the  upper  river  are  on  the  Archean 
deposits,  and  the  relative  discharges  are  somewhat  higher  than 
on  the  lower  areas  where  there  is  less  surface  storage  and  where 
more  or  less  of  the  rainfall  is  lost  in  seepage  into  the  Potsdam 
sandstone.     The  comparative  rainfalls  on  the  three  lower  areas. 
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Fig.*  00.— Comparative  Hydrographs  ol  the  Plow  of  the  Wisconsin  Biver  at  Various 
Points  on  Its  Drainage  Area  for  the  Year,  1906. 
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fig.  61.-^Oomp8ratIve  Hydrographs  of  the  Ilow  of  the  Wisconsin  Blver  at  Various 
Points  on  Its  Drainage  Area  for  the  Year  1907. 


[295] 


Digiti 


ized  by  Google 


122  BULLETIN  OF  THE  UNIVERSITY  OF  WISCONSIN 

are  shown  in  Figure  13.  The  hydrographs  of  the  two  upper 
areai?  show,  in  a  marked  way,  the  effect  of  the  water  power  de- 
velopments on  the  upper  river.  The  Sunday  shutdown  of  these 
powers  is  shown  by  the  reduced  flow  which  occurs  on  the  hydro- 
graph  with  great  regularity  each  seven  days.  This  drop  is 
sometimes  obscured  by  the  concurrence  of  changes  in  flow  due 
to  other  causes. 

Comparative  Hydrographs  of  Different  Rivers 

Figures  62  and  63  show  comparative  hydrographs  of  the 
Menominee,  Peshtigo,  Wisconsin,  and  Chippewa  rivers  for  1907 
and  1908,  at  points  about  in  the  same  latitude.  While  the  rain- 
fall on  these  areas  differs  somewhat,  there  is  a  general  similarity 
in  the  same  that  results  in  a  corresponding  similarity  of 
flow.  The  geological  and  topographical  conditions  on  these 
areas  are  somewhat  similar,  but  it  is  believed  by  the  \^T:iter 
(from  such  examinations  as  he  has  been  able  to  make)  that  the 
Menominee  and  Peshtigo  drainage  areas  contain  a  larger  pro- 
portion of  sand  deposits  which  greatly  adds  to  the  storaire  and 
results  in  the  larger  and  more  uniform  flow  shown  by  the 
hydrographs.  These  hydrographs  are  introduced  to  show  the 
value  of  the  comparison  of  various  stream  flows  where  physical 
conditions  are  similar. 


ANNUAL  RELATIONS 

A  study  of  monthly  relations  is  essential  to  a  comprehensive 
understanding  of  stream  flow  variations.  However,  for  a  clear 
understanding  of  some  of  the  more  general  relations  of  rainfall 
and  runoff,  and  of  the  possible  modifying  effect  of  other  factors, 
the  annual  relations  are  important. 

Table  4  gives  the  average  rainfall,  runoff,  and  ratio  between 
runoff  and  rainfall  on  various  drainage  areas  in  the  United 
States.  While  the  increase  of  the  runoff  with  the  rainfall  is 
shown  by  this  table,  it  is  also  evident  that  in  some  cases  other 
factors  have  also  had  an  important  effect. 

Considering  the  rainfall-runoff  relations  of  a  single  strean> 
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during  different  years,  the  same  law  is  also  found  in  general 
to  apply  (see  Table  5).  It  will  be  seen,  however,  that  even  on 
a  single  drainage  area  an  increase  in  total  rainfall  is  not  always 
followed  by  an  increase  in  the  total  annual  runoff,  for  other 
factors,  such  as  distribution  of  rainfall,  temperature,  vegeta- 
tion, evaporation,  etc..  may  and  do  have  an  important  modifying 
effect. 

Annual  Precipitation  Runoff  Relations  op  Various  Wis- 
consin Rivers 

Figure  64  gives  a  graphical  expression  of  the  annual  rela- 
tions of  rainfall-nmoff  on  various  Wisconsin  streams.  Both 
rainfall  and  runoff  are  expressed  in  inches  in  depth  on  the 
drainage  area  above  the  point  where  the  stream  flow  was 
measured.  The  location  of  each  symbol  on  the  diagram  shows 
the  amount  of  rainfall  and  of  runoff,  and  the  resulting  per- 
centage relations  for  a  particular  stream  for  a  particular  year. 

Prom  this  diagram  it  will  be  noted  that  on  Wisconsin  streams 
the  percentage  of  runoff  to  rainfall  is  sometimes  as  low  as 
16%  and  sometimes  as  high  as  70%.  As  a  general  rule,  the 
rivers  of  the  state  may  be  divided  into  two  groups — one  group, 
which  includes  the  Menominee,  Chippewa,  Flambeau,  Peshtigo, 
and  Wisconsin  (rivers  which  rise  in  the  granitic  highlands  of 
the  state),  averages  about  55%  runoff;  the  other  group,  which 
includes  the  Rock,  St.  Croix,  and  Pox  rivers — ^which  originate 
on  territory  underlaid  by  later  geological  deposits — averages 
about  27%.  The  departure  in  each  group  from  the  average 
conditions  may  be  regarded  as  the  measure  of  the  effect  of 
other  factoids  besides  quantity  of  precipitation  in  affecting  runoff. 


[299] 

tized  by  Google 


Digitiz 


126 


BULLETIN  OP  THE  UNIVERSITY  OF  WISCONSIN 


Table  4.— Showing  Mean  Annual  Rainfall  and  Runoff,  and- 

THB   PeRCENTAGi.   OF   RuNOFF 


River. 


Muskingum 

tleneseo,  N.  Y 

Croton.  N.  V 

Lake  Cochituatc.  Mass 

Sudbury,  Mas.s 

Mystic  Lake.  Ma.ss 

Neshaminy  Creek.  Pa. 

Hudson,  N.  Y 

Peauannock 

Connecticut  

Uuper  Mississippi 

DesPlaines.  Ill 

Republican,  Neh 

Platt«,  Neb 

South  Platte,  Xeb 

Wisconsin.  Wis 

Peshtijro.  Wis 

Chippewa.  Wis 

Flambeau.  Wis 

St.  Croix,  Wis 

Menominee.  Wis 

Rock,  Wis 

Fox,  Wis 


Years. 


1875-1888 

1890-1898 

1877-1899 

1863-19(H) 

1875-1900 

1878-1895 

1^84-1899 

1888-1901 

1891-1899 

1872-18R5 

1892-1895 

189i> 

1898 

1894 

18^ 

1903-1908 

1907-1908 

1904-1906 

19U3-1904 

1902-1904 

1903-1907 

1904-1908 

1897-1906 


Mean 

Mean 

Runoff 

Rainfall 

Run-off 

in  %of 

Inches. 

Inches. 

Rainfall. 

:9.7 

13.1 

33.0 

40.3 

14.2 

35.1 

49.4 

22.8 

46.2 

47.1 

20.3 

43.0 

46.1 

22.6 

48.9 

44.1 

20.0 

45.2 

47.6 

23.1 

47.4 

44.2 

23.3 

52.5 

46.0 

26.8 

57.2 

43.0 

22.0 

51.1 

24.6 

3.61 

14.7 

39.61 

6.7 

16.8 

27.0 

.39 

1.4 

12.8 

1.00 

7.8 

17.00 

.9 

5.3 

33.71 

21.82 

64.8 

24  96 

11.02 

43.2 

32.54 

16.16 

49.6 

39.29 

19.07 

48.5 

51.38 

17.11 

33.3 

32.83 

17.54 

53.4 

32.20 

6.84 

21.2 

32.58 

7.97 

24.5 

Table  5 — Annual  Relation  op  Rainfall  and  Runoff  on  thb 

Rtvkr 


Fox 


Year. 

Rainfall 
inches. 

Runoff 
inches. 

Runoff  In  % 
of  rainfall. 

1897 

26.08 
26.15 
29.74 
36.76 
30.27 
30.50 
38.75 
25.31 
36.87 
36.36 
32.62 

6.04 
5.47 
6.26 
6.70 
8.07 
6.66 
9.00 
9.27 
11.97 
10.81 
10.48 

23.2 

1898 

20.9 

1899 

21.1 

1900 

18.2 

1901 

26.7 

1902 

21.8 

1903 

24.1 

1904 

26.2 

1905 

32.3 

1906 

29.8 

1907 

32.1 

Annual  Relation  of  Rainfall  and  Runoff   on  the  Chippewa  River 


1903 

37.97 
a5.86 
36.95 
31.80 
23.36 
29.31 

21.07 
16.83 
17.62 
16.55 
14.27 
10.63 

55.6 

1904 

47.0 

1905 

47.7 

1906 

52.0 

1907 

61.0 

ll>08        

36.3 
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Annual  Precjpitation-Gage  Height  Relations  on  Certain 
Wisconsin  Rivers 

The  relation  between  the  annual  precipitation  and  the  mean 
annual  gage  height  is  shown  by  Figure  65.  On  this  diagram 
the  relation  has  been  shown  by  certain  characters  to  which  the 
corresponding  year  has  been  indicated.  A  different  character 
has  been  used  to  represent  the  periods  1873-1885,  1886-1898, 
and  1890-1909,  in  order  that  any  marked  variation  in  the  re- 
lations would  be  made  apparent.  A  diagonal  line  has  been 
drawn  from  0  through  the  mean  relation  for  the  entire  series 
which  shows  by  its  inclination  the  mean  ratio  of  precipitation 
to  gage  height.  Two  heavy  lines  have  been  drawn  to  mark  the 
extreme  variations  from  the  mean.  It  will  be  noted  that  most 
of  the  points  lie  within  plus  or  minus  15%  of  the  mean  line, 
and  that  the  extreme  conditions  have  been  +25%  and  — ^21%. 
This  diagram  shows  conclusively  that  for  the  last  thirty-seven 
years  the  mean  annual  runoff  on  the  Wisconsin  River  at  Port- 
age has  varied  directly  with  the  total  quantity  of  precipitation 
within  a  very  limited  range,  and  that  all  other  causes,  including 
distribution  of  precipitation,  temperature,  drainage,  agricul- 
ural  development,  forest  conditions,  etc.,  have  not  changed  this 
relation  usually  more  than  15%  of  the  mean  or  in  one  extreme 
case  25%.  Figure  66  shows  similar  relations  on  the  Wolf  River 
at  New  London,  Wisconsin. 

Chronological  View  op  Relative  Annual  Precipitation  and 
Stream  Plow  Relations 

Figure  67  is  a  diagram,  essentially  as  prepared  by  Mr.  W.  C 
Bevereaux,*  showing  some  of  the  annual  conditions  that  have 
prevailed  in  the  upper  Wisconsin  valley  for  the  period,  as  far 
as  available  data  would  permit.    On  this  diagram  are  shown : 

1.  Annual  rainfall  for  the  fall  period. 

2.  Mean  annual  runoff  at  Portage  1873-1909. 

3.  Extreme  low  water  at  Portage  1873-1909. 


•Monthly  Wv»nther  Review,  1910. 
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4.  Extreme  high  water  at  Portage  1873-1909. 

5.  Approximate  removal  of  the  forests. 

The  flow  data  on  this  diagram  are  derived  from  the  same 
source  as  are  the  series  of  hydrographs  shown  in  Figures  77 
to  85  and  Tables  9  and  10.  On  this  diagram  it  will  be  noted 
that  the  change  in  the  average  stage  of  water  follows  closely 
the  change  in  the  annual  rainfall.  In  general,  the  change  in 
rainfall  has  been  a  decrease  since  gagings  were  first  taken  at 
Portage,  and  as  lumbering  operations  have  caused  a  decrease 
in  the  forests,  the  question  might  probably  be  raised  on  the 
basis  of  this  diagram  as  to  whether  the  decrease  in  the  average 
river  stage  has  not  been  due  partially  at  least  to  deforestation. 

A  Stijdy  op  Relative  Precipitation  and  Stream  Plow 

Conditions 

The  eflfect,  if  any,  of  human  agencies  can  be  made  evident 
in  various  ways.  While  lumbering  and  agricultural  improvement 
were  already  developed  in  1873,  they  have  progressed  to  a 
much  greater  extent  in  the  years  that  have  since  elapsed.  Their 
eflfect,  therefore,  if  any,  should  be  shown  by  a  change  in  the 
rainfall-ninoff  relations  which  should  be  manifest  by  a  com- 
parison of  the  earlier  and  later  periods.  It  is  often  claimed 
that  on  account  of  these  various  changes  due  to  human  agencies 
that  the  extreme  high  water  is  increasing  and  that  the  low  water 
is  constantly  becoming  lower,  and  that  the  regularity  of  the 
sti*eam  is  much  less.  We  have  already  seen  that  these  con- 
ditions of  high,  mean,  and  low  water  are  a  function  of  total 
precipitation  and  of  its  distribution,  and  that  the  mean  annual 
flow  varies,  except  wdthin  narrow  limits,  with  the  total  annual 
precipitation.  As  a  further  study  of  these  annual  relations, 
the  writer  nas  prepared  a  diagram  (see  Figure  68)  which  shows: 

1.  The  annual  precipitation  for  each  year,  the  mean  for  the 
period,  and  the  progressive  means  during  the  same  period. 

2.  The  annual  maximum  gage  height,  the  mean  of  the  maxi- 
mum annual  gage  height  for  the  period,  and  the  corresponding 
progressive  means  of  maximum  gage  heights. 

3.  The  mean  annual  gage  height,  the  mean  of  the  mean  an- 
nual gage  heights  for  the  period,  and  their  progressive  means. 
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4.  The  minimum  annual  gage  height,  the  mean  of  the  an- 
nual gage  heights,  and  their  progressive  means. 

From  this  diagram  it  will  be  noted  that  the  progressive  means 
of  the  mean  annual  gage  height  and  of  the  extreme  low  water, 
which  conditions  of  flow  are  the  result  of  continuous  conditions 
during  the  year,  follow  closely  the  trend  of  the  progressive 
average  of  the  total  annual  rainfiall.  The  extreme  high  water 
conditions  on  the  contrary,  being  due  to  immediate  conditions 
favorable  to  such  results,  are  very  irregular  and  do  not  follow  so 
closely  the  variation  in  annual  rainfall  conditions.  It  is  also  evi- 
dent that  the  relations  during  the  earlier  period  are  not  markedly 
different  from  the  later  period.  Figure  69  is  a  similkr  diagram 
for  the  Wolf  River,  and  Figure  70  for  the  upper  Mississippi 
River,  both  of  which  bear  out  the  same  relations  shown  by  the 
Wisconsin  River  diagram. 

A  Study  of  Precipitation-Gage  Height  Ratios 

Figure  71  is  a  chronological  charting  of  the  departure  of  the 

ratio  of   —  for  each  year.    In  this  diagram  the  lower 

Gagre  Height 

ratios  show  the  better  flow  conditions  (see  Table  6).  For  ex- 
ample, fhe  ratio  of  30  inches  of  rainfall  to  5  feet  or  6  feet  gage 
height  would  be  6  and  5  respectively.  The  ratio  5  here  repre- 
sents the  mean  annual  gage  height  of  6  feet  which  consequently 
represents  a  higher  flow  than  gage  height  5  and  ratio  6. 
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Table  6 — Kainpall  and  Gaok  Heights  on  the  WistoxsiN  River  Abovk 
Portage,  with  Ratios— Departure  and  Progressive  Mean. 


1873,, 
1874.. 
187^.. 
1876.. 
1877., 
1878.. 
:879.. 
1880.. 
I88I,. 
1882., 
1KS3  . 
18H4. 
1885.. 
!8H6.. 
1887., 
1888., 
1889.. 
1890., 
1891. 
1892., 
1893  , 
18iH. 
1895., 
1896., 
1897., 
1898., 
18W., 
1900. 
1901. 

nx>2. 

1903. 
1904., 
1M05., 
1906., 
1907. 
1908., 
1909., 


Year. 


Rainfall. 


Gafiro 
helsrht. 


31.11 

5.60 

32.08 

5.20 

33.06 

4.97 

39.14 

6.20 

33.20 

4.35 

34.10 

4.61 

39.28 

4.26 

42.26 

5.46 

48.15 

6.40 

39.44 

5.74 

34. JK) 

5.62 

45.48. 

6.25 

33.47 

5.52 

32.51 

4.86 

32.0t»' 

4.52 

32.24 

5.20 

27.58 

3.43 

38.82  - 

5.13 

24.89 

4.05 

.33.96 

6.23 

27.16 

3.5^2 

24.51 

3.62 

24.60 

3.43 

30.64 

3.70 

25.58 

4.23 

25.92 

3.48 

31.. 31 

4.53 

.38.22 

5.. 33 

28.84 

4.27 

28.95 

3.88 

35.42 

5.17 

34.18 

4.80 

.3'>.im 

bJH 

32.98 

4.. 33 

27.67 

4.12 

27.93 

3.83 

29.12 

3.92 

Ratio. 


6.18 

6.66 

6.32 

7.65 

7.40 

9.25 

7.76 

7.53 

6.87 

6.21 

7.26 

6.05 

6.68 

7.10 

6.20 

8.04 

7..'k» 

6.14 

5.44 

6.92 

6.75 

7.16 

8.29 

6.04 

7.44 

6.92 

7.17 

6  76 

7.44 

6.86 

7.1? 

6.47 

7. til 

6.72' 

7.28 

7.42 


Departure. 

Prosrressive 
Mean. 

-1.41 

—  .8t> 

-  ..32. 

-0.53 

-  .66 

—0.18 

f  .67 

-fO.31 

4-   .42 

-fO.Pt^ 

+2.27 

-M.a*- 

4-  .78 

-rl.27 

^I.J>5 

^0.8* 

—  .93 

—  ..3<t 
-f  .12 

—  .78 
-1.06 

+  .58 

—  .84 
-1..54. 

—  .<15 

—  .23 
-f  .18 
+  1.31 
^  .94 
+  .46 

—  .<>» 
+  .19 
22 

t  !46 

-  .12 

+  .13 

—  .51 
^  .6.3 

—  .2o 

—  .30 
-4-  .44 


-0.22 

-0.21 

-0.34 

-0.39 

-0.31 

_0.1>2 

+0.02 

-r-0.31 

-^0.13 

-0.49 

-0.78 

-0..M 

-O.:.') 

-0.75  ' 

-0.75 

— 0.21> 

-0.31 

+0.1(1 

+0  02 

-t-o.o; 

+0  Oo 
+0.07 
-^0.11 
—0  06 
-  0.04 
—0.01 
+0.07 
'0.13 


The  departure  from  the  mean  of  these  ratios  is  plotted  for 
the  period  1873-1910  on  this  diagram,  and  the  progressive  mean 
during  the  period  is  shown  by  the  irregular  heavy  line.  Tlie 
position  of  this  line  below  or  above  the  mean  line  for  the  period 
shows  a  corresponding  better  or  poorer  condition  of  flow.  If 
the  forests  or  other  early  and  normal  conditions  were  favorable 

Rainfall 


to  increased  stream  flow  then  the 


ratio  should  be 


smaller  in  the  earlier  years  and  the  line  of  the  progressive  mean 
should  lie  below  the  *^mean  line  for  the  period."  If  deforesta- 
tion has  decreased  this  ratio,  then  the  progressive  mean  of  the 
ratio  should  lie  above  the  *'mean  for  the  period''  during  the 
later  years.  If  the  forests  or  other  early  normal  conditions 
served  to  regulate  stream  flow  and    in    consequence    of    the 
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change,  the  regulation  has  been  injuriously  affected,  then  the 
progressive  mean  should  agree  more  closely  with  the  **mean 
for  tlie  period''  during  the  earlier,  than  during  the  later  years. 

The  diagram  shows  clearly  that  the  greatest  extreme  in  these 
ratios  took  place  in  the  first  half  of  the  period,  the  poorest  ratio 
being  in  1874  and  the  best  in  1892.  There  are  no  indications 
that  the  ratios  as  a  whole  were  uniformly  better  during  the 
earlier  years.  The  uniformity  of  flow  during  the  last  fifteen 
years  is  much  greater  than  at  any  time  during  the  twenty-two 
years  preceding.  Similar  diagrams  for  the  Wolf  River  at  New 
London  (Figure  72)  and  for  the  upper  Mississippi  River  at 
Hastings  (Figure  73)  show  that  in  neither  of  these  cases  was 
the  ratio  of  precipitation  to  stream  flow  better  in  the  earlier 
condition  than  at  the  present  time. 

Another  view  of  this  problem  is  shown  in  Figure  74.  Here 
are  shown  the  annual  departures  from  the  mean  for  the  year 
of  the  annual  ratios  of  maximum  to  mean,  and  of  mean  to  mini- 
mum gage  heights  on  the  Wisconsin  River  at  Portage. 

This  diagram  indicates  that  the  ratios  of  the  flood  peaks  have 
been  slightly  higher  on  the  Wisconsin  River  during  the  later 
years,  but  that  the  low  water  ratio  has  remained  essentially  con- 
stant for  the  entire  period.  Similar  diagrams  for  the  Wolf 
River  (Fig.  75)  and  for  the  upper  Mississippi  River  (Fig.  76), 
show  considerable  variation  in  the  ratio  of  the  high  water  peaks 
and  no  tendency  toward  an  increase.  On  the  Wolf  River,  the 
ratio  of  both  high  and  low  water  conditions  is  now  about  at  the 
average.  On  the  Mississippi  River,  the  ratio  of  high  water  con- 
dition has  been  less  during  the  later  years,  and  the  low  water 
conditions  have  been  more  favorable.  This  may  be  partially 
due  to  the  reservoir  systems  on  the  upper  Mississippi,  yet  the 
conditions  during  the  years  1885-1900,  when  the  reservoir  sys- 
tem was  also  in  use,  do  not  indicate  that  this  is  the  case. 
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CONCLUSIONS 

From  the  preceding  somewhat  detailed  study  of  the  general 
relations  to  runoff  or  stream  flow  conditions  in  Wisconsin,  the 
following  conclusions  can  be  clearly  drawn 

Relating  to  stream  flow  in  general: 

1st.  That  in  general  the  quantities  and  variations  of  stream 
flow  are  due  to  a  large  number  of  concomitant  factors,  some 
fixed  and  some  variable,  each  having  an  influence  in  proportion 
to  its  own  character  and  intensity  and  the  relative  character 
and  intensity  of  every  other  factor.  The  combinations  of  these 
factors  are  so  numerous,  and  differ  so  widely  even  on  a  single 
drainage  area,  that  no  problem  of  flow  can  be  determined  even 
approximately  from  a  consideration  of  the  factors  themselves 
except  by  means  of  a  comparison  with  the  actual  relative  effects 
under  circumstances  more  or  less  similar  to  those  under  investi- 
gation. 

2nd.  That  the  difference  between  the  flows  of  Wisconsin 
streams  having  essentially  the  same  quantity  and  distribution 
of  precipitation,  depends  primarily  on  geological  and  topograph- 
ical conditions,  including  the  relative  amounts  of  natural  stor- 
age resulting  therefrom. 

3rd.  That  the  mean  annual  stream  flow  on  any  stream,  and 
the  variation  in  the  stream  flow  throughout  the  year,  depend 
mainly  on  the  quantity  and  distribution  of  the  precipitation, 
modified  by  temperature  conditions. 

4th.  That  extreme  floods  are  due  to  the  simultaneous  occur- 
rence of  temperature  and  precipitation  conditions,  favorable  to 
excessive  runoff,  and  that  no  practicable  works  of  man,  such  as 
drainage  works,  reservoirs,  or  reforestation,  can  materially  af- 
fect the  flood  peaks  on  the  larger  Wisconsin  rivers. 

Relating  to  the  regulation  of  stream  flow  by  reservoirs: 

5th.  That  the  ideal  regulation  as  indicated  by  the  Hudson 
River  hydrograph  (Figure  31)  can  never  be  realized  on  Wis- 
consin streams,  and  seldom  be  approximated  except  on  small 
streams  of  exceedingly  limited  area. 

6th.  That  the  topography  of  Wisconsin  is  entirely  unsuited 
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to  the  construction  of  extensive  reservoir  systems  that  will  ma- 
terially affect  flood  peaks  or  largely  equalize  the  high  and  low 
water  flow  of  the  larger  streams  of  the  state. 

7th.  That  the  uses  for  which  reservoir  systems  may  be  con- 
structed are  essentially  antagonistic  and  that  the  specific  use 
to  which  they  should  be  applied  must  depend  on  the  local  con- 
ditions which  may  modify  the  relative  values  of  the  services 
which  they  can  fulfill. 

8th.  That  on  many  drainage  areas  of  Wisconsin  where  water 
powers  have  been  developed,  reservoir  systems,  which  will  ma- 
terially increase  the  low  water  flow  of  the  stream,  are  now 
financially  practicable,  but  that  everj'  stream  constitutes  a 
problem  in  itself  which  needs  independent  study  and  investi- 
gation, and  no  general  conclusion  can  be  safely  drawn  in  re- 
gard to  the  practicability  of  such  reservoir  systems  on  Wiscon- 
sin streams. 

Relating  to  the  effect  of  forests  on  stream  flow : 

9th.  That  if  forests  have  any  effect  on  stream  flow  that  can 
be  assigned  a  practical  value,  such  effects  must  be  manifest  by 
an  actual  change  in  the  conditions  of  flow  when  deforestation 
occurs,  and  that  if  deforestation  is  not  accompanied  by  an 
actual  change  in  the  stream  conditions,  the  effects  are  entirely 
theoretical  and  practically  valueless. 

10th.  That  in  general  the  deforestation  or  cutting  of  timber 
in  Wisconsin  has  had  no  material  effect,  either  favorable  or 
adverse,  on  the  high  water,  mean  water,  or  low  water  flow  of 
the  streams,  or  on  the  regularity  of  such  flow. 

11th.  That  on  the  Wisconsin  River  the  changes  in  the  original 
conditions  due  to  drainage,  deforestation,  etc.,  have  not  affected 
the  mean  and  low  water  flow  but  may  have  slightly  improved 
the  regularity  of  the  ratio  of  precipitation  to  runoff,  and  may 
have  slightly  increased  the  ratio  of  high  water  peak  to  mean 
water ;  but  that  such  effects  have  been  insignificant  and  of  no  ma- 
terial advantage  or  disadvantage  to  the  flow  of  the  stream,  and 
that  the  flow  of  the  Wolf  River  and  of  the  Upper  Mississippi 
River  shows  no  such  changes  in  flood  peaks  or  betterment  in 
regularity. 

12th.  That    while    theoretically    forests    will    decrease    the 
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amount  of  prec-ipation  reaching  the  earth's  surface — thus  de- 
creasing the  water  supply  of  streams — and,  under  certain  cir- 
cumstances may  afford  a  limited  storage  which  may  aid  in  the 
regulation  of  stream  flow,  yet  the  exainination  of  the  actual 
flow  of  the  streams  of  Wisconsin  shows  no  indication  of  such 
effects. 

13th.  That  if  any  effects  on  stream  flow  have  resulted  from 
deforestation  they  have  been  entirely  counteracted  and  ob- 
scured by  the  drainage  of  marshes,  the  clearing  of  farm  lands, 
the  second  growth  of  timber  and  brush,  or  other  similar  oc- 
currences, 

14th.  That  so  far  as  all  evidence  examined  is  concerned, 
there  IF  nothing  to  show  that  the  planting  of  forests  in  Wiscon- 
sin would  in  any  way  add  to  or  take  away  from  the  quantity 
or  regularity  of  stream  flow,  or  decrease  the  flood  heights. 

15th.  That  therefore  the  reforestation  of  the  headwaters  of 
Wisconsin  streams  cannot  be  expected  to  add  to  the  quantity 
or  regularity  of  the  power  which  may  be  developed  on  any 
stream,  or  to  change  or  improve  the  flow  of  the  stream  for  any 
other  useful  purpose. 

Finally: 

16th.  That  the  changes  and  variations  in  the  flow  ratio  in 
Wisconsin  rivers  are  due  to  undetermined  factors  which  modify 
the  precipitation-runoff  relations  as  similar  indeterminate  fac- 
tors modify  the  amount  and  distribution  of  the  annual  rainfall. 
Such  phenomena  occur  in  cycles  and  are  not  found  to  be  con- 
tinuously favorable  or  unfavorable  to  the  quantity  or  regu- 
larity of  stream  flow. 

17th :  That  the  flows  of  Wisconsin  streams  as  shown  by  their 
total  annual  mean  annual,  and  maximum  and  minimum  flows, 
have  neither  increased  or  decreased  during  the  last  thirty-five  or 
forty  years  except  as  such  increase  or  decrease  has  been  caused 
by  the  annual  and  seasonal  variation  in  the  quantity  and  dis- 
tribution of  the  rainfall,  together  with  the  modifying  effects  of 
the  accompanying  temperature. 
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Note  1:    The  following  formula  for  progressive  means  has 
been  used: 

a  +  4b  -h  Oc  -f  4d  -h  e 

10 =" 

where  c*  is  the  progressive  average  of  the  middle  year  of  the 
group.  As  far  as  procurable  rainfall  records  of  three  or  morie 
stations  for  each  area  have  been  averaged  in  plotting  the  pro- 
gressive curves.  The  data  for  Southeastern  New  England,  Up- 
per Ohio  Valley,  and  Middle  Mississippi  Valley  have  been  taken 
from  the  Report  of  the  Chief  of  the  Weather  Bureau,  1896-97. 
The  records  for  the  above  sections  from  1896  to  date,  and  for 
Wisconsin,  Eastern  South  Carolina,  and  the  Great  Valley,  Cali- 
fornia, have  been  compiled  from  the  Summaries  of  the  Clima- 
tological  Data,  U.  S.  Department  of  Agriculture,  and  from  The 
Monthly  Weather  Reviews.  Records  for  the  last  section  have 
been  tabulated  on  pages  159-160.  The  stations  from  which  such 
records  were  procured  are  given  below: 

(A)  Southeastern  New   England— New  Bedford    (1817-1909). 

Boston  (1820-1909).     Providence  (1834-1909). 

(B)  I^pper   Ohio   Valley— Marietta  (1830-1909).    Portsmouth 

(1832-1909).     Cincinnati  (1837-1909). 

(C)  Wisconsin— (a)   Port  Winnebago   (Portage)    (1836-1845). 

Janesville  (1854-1858).    Roeknin   (1861-1868).    Mndi- 
.-on  (1869-1909).     (See  Table  7.) 

(b)  Fort   Crawford    (Prairie  du  Chien)    (1836-1844). 

Dubuque  (1854-1875).     McGregor  (1876-1890). 
Prairie  du  Chien  (1891-1909). 

(c)  Fort  Howard  (Green  Bay)    (1836-1840).     Embar- 

rass  (1864-1866). 

(d)  Fort  Snelling  (1837-1857).    St.  Paul  (1859-1909). 

(e)  Milwaukee  (1844-1909). 

(f)  Superior  City   (1860-1866).     Duluth   (1871-1909). 

(D)  ]^Iiddle  Mississippi  Valley— Muscatine  (1849-1909).    Mon- 

tieello    (1857-1909).      IMarengo     (1858-1909).     Peoria 
(1858-1909). 

(E)  Orent     Valley,     California  —  Sacramento     (1850-1909). 

Stockton  (1850-1909). 
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(P)  Eastern  South  Carolina— Charleston  (1738-1765),  (1785- 
1791),  (1807-1811),  (1832-1909). 

Note  2 : — Fig.  4  has  been  produced  from  the  rainfall  tables  in- 
cluded in  Table  7  which  were  prepared  by  Mr.  W.  C.  Devereaux, 
Local  Forecaster  U.  S.  Weather  Bureau,  Milwaukee,  Wisconsin. 
The  progressive  means  were  calculated  by  use  of  t'  e  formulae 
given  in  Note  1. 
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Table 


Annual  Precipitation. 


1S36. 

1S38 

1H39. 

1H40., 

1S41  , 

IH42.. 

1S43. 

IH44. 

1845., 

184«.. 

1M7.. 

1H4S.. 

1849., 

185<>.. 

1H5I.. 

1S52.. 

1854., 
I8.S5.. 

1S56.. 
1857.. 
1858.. 
1854).. 
1800.. 
1801.. 
lSti2.. 

is«:^.. 

1864.. 
1865.. 
1866., 
18»i7.. 
IStW. 
1S69. 
1870. 
1871. 
1872. 
1873., 
1.S74. 
1875.. 
1S76.. 
1877.. 

is:.^., 

1871*., 
isso.. 

1881.. 
1882.. 
1883., 

1884.. 
18S:>.. 
188«^, 
1H87., 

i8as., 

1889., 
1890., 
1891., 
1892., 
1893., 
IMH. 
18«>. 
1896. 
1897. 


Z    I 


34.1 
31.4 
28  0 
28.9 
27.1 
28.4 
24.3 
22.8 
33.1 
25.9 


9 

to 


27.2 
34.0 
22.0 
31.9 
31  ..^ 
31.1 
38.4 
23.5 
3i».2 


3(V4 

27.7 

31.1 

29.1 

22.1 

♦32.0 

27.4 

29.0 

42.6 

47.3 

♦30.0 

♦32.4 

♦29.7 

26.9 

38.5 

35.8 

38.8 

34.9 

31.3 

:w.9 

20.5 

25.0 

31.6 

36.2 

37.  r 

36.4 

29.9 

:i4.8 

27.5 

33.4 

46.8 

39.0 

28.1 

25.1 

29.4 

♦31.1 

22.4 

♦28.4 

27.5 

♦31.7 

29.0 

30.8 

22.8 

^.5 

36.3 

40.1 

27.7 

31.0 

3N.9 

39.9 

35.2 

33.1 

46.7 

39.2 

52.9 

4^.6 

42.9 

36.6 

39.9 

;i9.o 

49.2 

36.2 

40.6 

34.0 

28.8 

26.2 

38.9 

33.5 

22.9 

29.4 

20.2 

23.9 

37.0 

39.8 

24.3 

22.4 

37.1 

41.9 

31.4 

29.4 

2:1.8 

20.5 

13.1 

18.4 

30.0 

:n.5 

22.6 

2JK4 

31 .9 

24.2 

It 

11 


37.7 
40.5 
37.6 
31.3 
30.5 


28.9 
36.3 
35.4 
29.0 
38.8 
39.3 

♦31.9 
37.7 
28.5 
.35.0 
31.0 
43.9 
48.9 
34.4 
37.6 
41.6 
49.8 

♦47.4 
49.0 
42.2 

♦42.1 
42.6 
45.4 
32.6 
35.5 
32.6 
36.2 
26.0 
33.0 
33.0 
35.9 
21.0 
33.1 
34.1 
29.1 


5 


8 

it 

i 


21.2 
23.1 
21.6 
26.7 
2:4.8 
30.4 
25.5 
26.0 
21.9 
23.2 
49.8 
255 
23.4 
15.0 
20.4 
26.5 
24.9 
22.7 
32.1 
♦20.1 
29.1 
34.2 
30.5 
34.5 
15.7 
14.9 
38.1 
27.9 
33.6 
30.7 
32.2 
32.1 
30.7 
29.6 
34.6 
35.5 
30.7 
23.6 
28.7 
22.6 
:i2.5 
2J».8 
39.2 
23.1 
26.5 
26.1 
25.3 
22.9 
25.9 
25.8 
17.1 
23.5 
21.8 
32.6 
26.0 
2.^8 
24.3 
34.7 
.^0.5 
25.3 


34.2 


32.5 
20.5 
25.2 
22.4 
33.4 
31.0 
26.3 
30.4 
29.4 
♦30.0 
31.7 
36.0 
29.0 
30.8 
45.1 
28.9 
22.0 
31.9 

:«.8 

31.7 
27.8 
30.1 
34.0 
24.5 
29.2 
37.8 
26.5 
32.0 
26.3 
30.6 
30.8 
%.6 
50.4 
46.2 
38.3 
24.9 
'M.O 
39.1 
28.4 
29.5 
30.6 
3i.6 
31.5 
30.5 
23.5 
31.7 
30.1 
29.8 
35.0 
32.9 
27.8 
24.9 
29.0 
31.0 
32.4 


35.4 
22.8 
17.8 
20.9 
30.0 
35.7 
♦30.4 
•32.3 
♦32.0 
♦29.0 
31.2 
30.1 
38.7 
36.4 
26.9 
32.3 
34.3 
28.1 
45.3 
38.1 
37.6 
38.0 
23.2 
:45.4 
20.0 
33.4 
28.6 
27.3 
32.0 
24.1 
29.5 
28.5 
23.3 
31.7 
22.3 
27.3 
30.9 
19.7 


33.9 
26.8 
31.6 
27.2 
24.3 
30.5 
38.4 
28.6 
28.4 
23.8 
34.3 
28.1 
30.3 
32.6 
28.2 
33.0 
27.2 
30.7 

:h7.6 

40.1 
38.1 
40.5 
31.8 
34.0 
26.5 
28.2 
28.5 
32.9 
24.7 
32.8 
31.0 
25.5 
20.2 
31.2 
26.6 
25.7 


31.9 
38.7 

:*».4 

36.6 
MA 
3*. 9 
34.3 
44.7 
22.9 
.^.7 
35.3 
30.7 
22.5 
17.4 
34.8 
24.4 
34.8 
27.0 
36.2 
24.6 
22  9 
23.0 
29.2 
21.3 
23.5 


33.0 
32.5 
28.8 
28.3 
28.0 
28.8 
29.8 
•J4.0 
33.8 
21.0 
25.6 
22.2 
28.3 
40.4 
25.9 
26.9C 
22.2 
25.2 
30.6 
30.3 
26.4 
29.8 
38.8 
30.1 
28.1 
34.0 
M.O 
27.4 
23:5 

as.  4 

32.0 
29.5 
31.8 
37.9 
29.0 
31.5 
27.0 
32.0 
31.7 
3i.O 

;«.o 

33.4 
33.7 
34.4 
37.3 
43.4 
35.8 
34.U 
36.9 
32.2 
30.6 
29.2 
28.4 
26.3 
32.3 
25.7 
34.6 
29.0 
26.7 
20.9 
31.0 
28.3 
26.5 
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Table  7. — AxxrAii  Precipitation. — Continued. 


1 
1 

1 

1 
■s 

3 

27.0 
2Q.6 
20.2 
3«.2 
34.8 
31.2 
25.5 
32.4 

:«.3 

25.7 
30.8 

31.1 

li 

28.0 
30.5 
20.7 
44.6 
37.0 
29.3 
.38.5 
31^8 
32.1 
3»i.l 
33.1 

32.5 

1 

3- 

5 

3 

Milwaukee. 

3 

a 
O 

S 

30.6 
23.1 
26.7 
26.1 
28.0 
24.4 
35.8 
28.8 
23.9 
31.0 
33.6 

29.4 

i 

1 

21.3 
29.3 
25.9 
32.9 
32.2 
30.3 
31.8 
30.5 
29.7 
28.5 
30.9 

30.2 

6 

2 

c 

a 

4. 

1M>» 

1900 

25.8 
32.8 
26.5 
27.6 
28.9 
30.6 
31.9 
.37.9 
27.3 
21.9 
26.8 

34.8 

27.5 
34.2 
25.8 
31.8 
37.9 
33.8 
30.8 
33.2 
23.1 
31.6 
31.8 

27.7 

22.8 
30.1 
18.7 
28.6 
33.4 
29.9 
32.2 
30.2 
34.9 
28.3 
31.5 

30.9 

35.4 
41.8 
3».9 
30.3 
34.4 
25.4 
35.3 
27.8 
28.4 
31.6 
38.3 

31.0 

27.3 
31.4 

1SX)1 

24.9 

I90ri 

.31.6 

1B03 

33.3 

1904 

29.4 

1905 

32.7 

1906 

:«.2 

19(V7 

liHlB 

28.7 
29.3 

1909 

32.1 

Means 

30.9 

Note: 
(a)  At  Fort  Wlntieha^n  ( l*ui  I  iiin^)  1836-184^;  at  Janesvllle  1854-1858;  at  Rockrun  1861- 

J  a«8 ;  at  M  aa i ^m  1  S^^S*-  l^K 
(h)  At  Ft>rt  Crawfoni  ll^riiirliihiChlen)  1836-1844:  at  Dubuque  1854-1875:  atMc(ireiror 

1876-1890;  at  Prairlo  liii  niii>n  1891-1909. 
(o)  Ai  Fort  Howard  (<;n'eii  Hay)  1836-1840:   at  Embarrass  1864-1866:  at  Green  Bay 

18S7-tlW. 
ul)  At  FortSiit'llitiB  1S37-I8.I7.  iitSt.  Paul  1859-1909. 
<«»)   At  HumHorClly  liHU-l>d*^   nil  )uluth  1871-1909. 
\*y  Amount  ealimn If 'd^. 
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%//U€.    f^MB.    MAn  A^R.   M/^Y  ^Jl/AfM%/a/y  AU€t,  ^^m    OCrfVOV.   0£X. 

Pig.  77.— Hydrographs  of  Dally  Plow  of  the  Wisconsin  Blver  at  Portage. 
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<y>«/v:  ^leB.  M^ff  ^^f^.  /^^r  ou/v^" */ULr  ^ao,  ^£^  acT  /^ov.  ^i^c. 

Vlg.  78.— Hydrographs  of  Daily  Plow  ol  the  Wisconsin  River  at  Portage. 
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•/«#yv.  ^^em  Af^m.  ^^^.  /^^r^ut^c^i/iY  ^uc^.  ^sr^  ocj:  A>fov:  occ. 

Plff.  T^.—Hydrographs  ol  Dally  Flow  ol  the  Wisconsin  River  at  Portage. 
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u^/vc  F'^&.  AMM.  A^H./^^r  %/uAie  %/yLY  AU€f.  jsr^  OCT  >v^K  z*rc. 

Fig.  80.— Hydrograpbs  of  Dally  Flow  of  the  WIsconBln  River  at  Portage. 
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*//?/«  ^'wrB^MAR,  ^PR.  M^y  ^i/NC  uuLr  ^(/G.  ^£^.  OCT  Afov:  o^c 

Ffg.  81.— Hydrographs  ol  Dally  Flow  of  the  Wisconsin  River  at  Portage. 
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*/^iV.    ^^^.  Af/f^  >f«^.  ^/^K  JUN^JULY  ^UO.  *SiflP  ^CTT  A'^K'   ^Z"C. 

Fig.  82.— Hydrographs  of  Daily  Flow  of  the  Wisconsin  River  at  Portage. 
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*^iV.    ^:CA   MA^.  A^^.   ftAY  ^t/A/C*/t/J.Y  AUG.   S^^.    OCTT  fsfOy.  ^ISC 

Pig.  88.— Hydrographs  ol  Dally  Flow  of  the  Wisconsin  River  at  Portage. 
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^A/^.    r£l0.    f^AR.   /f/V?.   MAY  ^UNr%/ULY  /9Ua    'SCm    OCT  A/0%^   0£C 

Fig.  S4.— Hydrographs  of  Daily  Flow  of  the  Wisconsin  River  at  Portage. 
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•/^/V!  r^B.  AM^.   4^PR,   MSY  ,/UNejULY   AUG.    S£^    OCT  UOV.     C^C 

Tig.  85.— Hydrogrnph?  of  Daily  Flow  of  the  Wisconsin  River  at  Portage. 
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Table   8.— Mean    Monthly   and  Annual  Precipitation  in  Wisconsin 
UivER  Valley  above  Portage. 


Year. 

Jan. 

Feb.    Mar. 

\vr\\ 

Mai^ 

June 

July 

Aujr. 

Sept. 

Oct. 

Nov. 

Dec. 

-'1 

1873.... 

1.28 

0.74      1.90 

1.25 

3.f4 

7.25 

3.98 

1.81 

3.84 

2.00 

2.19 

1.33 

31.11 

1874.... 

I.7o 

0.99      1.56 

1.28 

2.48 

5.50 

3.04 

3.53 

5. -26 

2.44 

2.77 

0.97 

.32.08 

1875.... 

1.44 

2.53     2.10 

1.86 

2.72 

4.79 

1.33 

5.5-> 

4.. 31 

2.?2 

1.15 

2. 56 

33.<H5 

1876.... 

2.23 

1.61      3.03 

?.:4 

5.06 

6.31 

3.4o 

5.26 

3.94 

1.48 

2.56 

1.47 

39.14 

1877.... 

1.23* 

0.22     2.20 

1.90 

2.99 

4.81 

3.52 

3.92 

2.76 

5.07 

2.56 

2.02 

33.20 

1878.... 

0.62 

0.76 

1.73 

3.93 

3.26 

4.25 

5.96 

2.46 

5.36 

4.16 

r.86 

0.76 

34.10 

187i».... 

0.59 

1.99 

1.39 

1.54 

5.S2 

4.54 

7.08 

1.62 

4.19 

2.88 

4.46 

3.38 

39.23 

1880.... 

2.49 

1.40 

2.77 

4.19 

4.13 

9.43 

3.82 

5.14 

3.07 

1.96 

2.48 

1.38 

42.26 

1881.... 

1.87 

2.80 

2.23 

\.'M 

4.29 

3.8.3 

5.68 

5.19 

10.54 

7.30 

2.50 

0.62 

48.15 

1882.... 

1.09 

1.98 

3.48 

2.91 

4.2.3 

6.42 

4.06 

4.92 

1.71 

3.83 

2.83 

1.98 

39M 

188.3.... 

1.8i 

1.44 

0.34 

2.01 

4.36 

5.32 

7.55 

2.33 

3.12 

3.02 

l.H 

1.81 

35.06 

188t... 

1.12 

2.54 

I.h2 

3.66 

3.74 

4.47 

5.6S 

5.71   '  7.09 

4.56 

1.63 

3.66 

45.48 

1885.... 

l.f.5 

0.55 

0.82 

2.21 

2.77 

4.62 

7.43 

4.43     3.31 

1.46 

1.84 

2.46 

33.47 

188rt.... 

3.3i 

1.81 

2.76 

2.92 

1.72 

3.20 

1.60 

4.54     4.19 

3.06 

2.25 

1.11 

:s2.51 

1887.... 

1.75 

2.80 

O.W 

1.80 

2.51 

2  42 

3.96 

3..M     4.75 

3.16 

1.33 

3.58 

:fi{.09 

1888.... 

2.07 

M.99 

2.77 

2.5V» 

5.10 

3.84 

3.49 

3.93  ;  2.78 

1.67 

1.28 

1.76 

32.27 

i8hy.... 

1.97 

1.9t^ 

1.2<» 

1.94 

2.9o 

2.66 

3.77 

4.06  1  2.87 

0.20 

1.59 

2.46 

27.58 

1890.... 

1.84 

1.35 

1.52 

2.51 

4.52 

6.57  1  3.94 

6.09     4.  ."3 

3.82 

1.19 

0.74 

38.82 

18H1.... 

1.42 

1.71 

2.14 

1.53 

0.33 

3.26  1  2.66 

4.26      1.95 

2.24 

1.04 

2.35 

24.89 

1892.... 

1.20 

1.96 

1.45 

2.31 

5.t>2 

7.45  1  3.04 

3.12  ;  2.87 

1.97 

1.85 

1 .12 

33.96 

1893.... 

l.ot 

1.55 

1.44 

3.89 

2.25 

1.67 

4.17 

1.94  '  2. .50 

2.00 

1.  4 

2!77 

27.16 

18iH.... 

1.53 

0.5O 

1.49 

2.77 

5.04 

2.76 

1.21 

0.69  •  2.49 

2.88 

1.91 

1.24 

1  24.51 

189j.... 

1.43 

0.51 

0.38 

1.48 

5.02 

2.88 

2. 58 

3.29  !  3.58 

0.70 

1.44 

1.31 

24.60 

1896.... 

0.89 

0.4a 

0.86 

3.77 

6.24 

2.71 

•i.93 

3.71   1  2.98 

2.68 

3.48 

C.iW 

30.64 

1897.... 

1.53 

1.15     2.10 

1.66 

1.93 

4.9» 

3.20 

2.54     2.37 

2.20 

1.20 

0.80 

25.58 

1898.... 

0.78 

1.49     2.19 

2.07 

2.32 

3.61 

3.22 

2.:6  1  2.22 

3.63 

1.77 

V.'il 

25.92 

1899... 

1.01 

0.86     2.13 

3.41 

3.80 

6.01 

2.b2 

:  .26     2.75 

3.12 

0.73 

1.61 

31.31 

1900.... 

0.6V 

1.19      1.24 

2.. 58 

1.49 

1.94 

8.91 

3.65  '  7.L4 

7.78 

1.11 

O.t.2 

:w.22 

19U1   ... 

0.67 

1.05     2.40 

0.96 

2.60 

4.56 

4.85 

2.i*>     4.59 

2  29 

1.09 

0.79 

28.84 

1902.... 

0.75 

l.ll 

l.Ut 

1.79 

5.82 

3.24 

4.17 

1.89  1  2.41 

1.79 

3.08 

1.84 

28.95 

190:^.... 

0.42 

O.hS 

2.38 

2.91 

5.80 

1.50 

5.46 

7.04     5.36 

2.15 

0.93 

0.64 

35.42 

1904.... 

0.:^ 

1.08 

I  .8^ 

1.93 

5.8.^ 

4.54 

3.35 

2.78  !  5.74 

4.60 

0.22 

1.86 

34.18 

UH)5... 

O.bb 

0.83 

1.34 

1.20 

5.08 

7.55 

2.85 

5.10 

3.04 

2.18 

1.82 

1.14 

32.98 

1906.... 

1.98 

0.62 

2.27 

1.50 

4.19 

i.88 

2.39 

3.78 

3.20 

2.88 

2.96 

1.33 

32.98 

19U7.... 

1.67 

(.31 

1.53 

2.41 

2.14 

3.10 

4.V»9 

3.96 

5.06 

0.65 

0.84 

1.01 

27.67 

190S.... 

O.tW) 

1.29 

1.  '7 

3.42 

4.55 

3.48 

4.02 

1.75 

3.15 

1.05 

1.50 

1.15 

27.93 

li»09.... 

0.76 

1.25 

I.2» 

3.92 

2.47 

3.08  1  3.52 

3.25 

2.82 

1.14 

4.21 

1.41 

29.12 

1910.:.. 

0.99 

0.82 

0.19 

3.79 

1.98 

0.65  1  1.58 

3.78 

3.8(> 

1.82 

Means. 

1.35 

1.29 

1.74 

2.42 

3.69 

4.34  1  3.97 

1 

3.65 

3.89 

2.75 

1.89 

1.58 

32.81 
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Table  9. — Gaor  Heights  at  Portage  on  the  Wisconsin  River,  Showkng 
Comparative  Average  and  Extreme  Conditions  of  FLow  von 
Various  Years. 


J 

4 

1^ 

\e. 

It, 

Year 

si 

Coo 
%^9 

^9 

Q- 
^  ^ 

Remarks. 

ti*^ 

oj: 

o^ 

o  j; 

^0 

®o 

o© 

^.^ 

3.5 

?£ 

oS 

oS 

6% 

c5"S 

d® 

dl 
20 

K=: 

5.55 

z,< 

^.< 

S5<J 

S^.CQ 

0 

1873 

9.4 

0 

14 

101 

0 

0 

Jan.,  FpIl,  March,  Dec. 

niK-^lriK. 

1874 

8.0 

3.5 

5.33 

0 

0 

79 

0 

0 

0 

Jair ,    IVJt .  March,  Dec.. 

1875 

8.2 

2.0 

4.97 

0 

> 

63 

3 

0 

0 

til  K^iniT, 

M^:.lM;:JLLii.,  Feb.,Mch.. 
Aiirll,  run. 

1876 

10. 1 

2.8 

6.06 

2 

63 

132 

1 

0 

0 

Mi^liiiT.  Jari. 

1877 

V.8 

2.8 

4.55 

0 

0 

19 

23 

0 

0 

M3>.iiit,^  Jan. 

1878 

7.4 

2.8 

4.5S 

0 

0 

22 

0 

0 

0 

M^>tEl^,^  J  £111.,  Feb. 

1879 

9.7 

2.8 

4.38 

0 

8 

15 

12 

0 

0 

M]-sl[Jir.    ,l!in,,    Feb,,    15 

1880 

10.6 

1.9 

5.22 

5 

23 

8.> 

6 

1 

0 

MS-iriiT.  Jan.,  Feb. 

1881 

10.4 

2.8 

6.23 

6 

46 

169 

1 

0 

0 

Ml^^liii:,   hin.,  Fftb. 

18»2 

9.5 

1.7 

591 

0 

16 

113 

2 

1 

0 

M 1  ^sl  rlk^  1 E*  ii  ays  of  J  an . 

1883 

9.8 

2  3 

5.72 

0 

16 

90 

3 

0 

0 

Missing,  19  days  of  Jan. 

18.S4 

10.2 

HO 

5.P0 

3 

45 

140 

0 

0 

0 

1885 

9.6 

1.4 

5.65 

0 

20 

14<> 

2 

2 

1 

18hd 

11.1 

2.'i 

4.86 

6 

20 

68' 

40 

0 

0 

1887 

10.6 

2.3 

4.10 

6 

21 

38 

3' 

0 

0 

MlssiniT.  ^1^i^ 

188s 

11.5 

2.3 

5.30 

34 

52 

76 

57 

0 

0 

MK^1iii;,Jan..  IVb.,  Mch.. 
r*et'..  10  daypi  Nov. 

1889 

7.4 

1.2 

3.42 

0 

0 

12 

110 

68 

19 

I>f»i^.  la  dftys  \ov. 

1890 

9.4 

2.7 

5.13 

0 

6 

4i 

2 

0 

0 

MH^liijr    fan-H  Ft-b..  Mcli.. 
Aur.  May.  Detv 

1891 

11.2 

1.5 

4.05 

12 

17 

23 

120 

23 

0 

hor..  15  (lays  Apr. 

1892 

11.2 

2.4 

6.23 

9 

50 

86 

9 

0 

0 

Mi^slnir,  .1an..lVb.,Mch., 
Oct..  Nov  .  f)ec 

1893 

10.1 

1.0 

3.92 

1 

27 

64 

141- 

69 

13 

Miv>fnir.  Jan..  !>b.,Mch.. 

18<H 

9.4 

1.2 

3.50 

0 

11 

49 

149 

74 

10 

1    IH<"4 

Mi;*slnir.  Jan..  Feb-,  Mch. 

18W5 

7.5 

1.6 

3.43 

0 

0 

21 

•  l.=)8 

14 

0 

1»96 

9.4 

1.3 

3.94 

0 

15 

5i 

137 

31 

I8\»7 

9.2 

1.8 

4.40 

0 

8 

73 

lor 

7 

0 

1^98 

7.0 

1  6 

3.58 

0 

0 

19 

101 

9 

0 

1899 

10.4 

2.0 

4.22 

2 

23 

72 

114 

0 

0 

1900 

12. .^ 

2.0 

4.50 

11 

30 

75 

24 

0 

0 

1901 

9.8 

2.1 

4.30 

0 

18 

44 

51 

0 

0 

1902 

8.3 

'.7 

3.i)0 

0 

5 

41 

94 

4 

0 

1903 

12.2 

2.6 

4  95 

8 

20 

85 

21 

0 

0 

1904 

10.4 

1.9 

4.54 

1 

17 

(i6 

70 

1 

0 

1905 

12  0 

2.4 

4.78 

10 

.^0 

63 

16 

0 

0 

190tt 

10.0 

2.0 

4.48 

11 

23 

44 

79 

0 

0 

\m 

10.0 

1.8 

4.04 

5 

8 

29 

120 

2 

0 

1908 

9.7 

1.6 

3.78 

0 

6 

40 

122 

15 

0 

1909 

8.7 

1  2 

3.98 

0 

8 

53 

115 

20 

2 

1910 

6.3 

1.2 

3.90 

0 

» 

6 

86 

61 

24 

To  Sept.  1st. 
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Table  10.— Gagk  HEictnTs  at  Portage  on  the  Wisconsin  River  Showino 
AvKRA(JE  Monthly  and  Annual  Gage  Heights  for  Various  Years. 


_.._. 

Year. 

Jan. 

Feb. 

Mar. 

1  Apr. 

Ma.v 

18T3          1 

'    00 
6.4 

1    6.7 
6.5 

6  4 

1874 1 

1    6.9 

1875 ; 

;    6  8 

1S76 1 

5.4 
5.2 

69 

4.8 

8.4 
5.3 

9.3 

1877 

1 

5.2 

1878 

45 
5.1 

4.0 

5.8 

5.2 
4.9 
7.7 
6.8 
7.9 

5.1 

1879.. 

6  4 

isgt) 

6  4 

1881   . 

6  5 

1882 

5.5 

4.6 

6.5 

1883 

5.7 

6.1 

1    5.5 

7.8 

6.8 

IH84 

4.4 

4.5 

5.6 

7.8 

6.4 

isai 

7.1 

6.1 

6.0 

7.8 

7.6 

I8H6 

4.6 

4.7 

5.5 

8.6 

6.3 

18S7 

3.9 

4.0 

5.2 

7.8 

6.1 

J  888 



8.6 
5.5 

10  I 

8889  .,    . 

5  5 

1891) 





1891..      . 

io.6 

6.5 

8.2 

5  4 

1892...    . 

8.3 

4H93 

7.7 

4894 

6.6 
3.9 

7.2 

tHi\o 

3.5 

3.4 

3.9 

5.7 

1896 

3.7 

3.8 

3.2 

5.0 

7.0 

1897 

5.4 

5.0 

5.2 

7.6 

5.7 

1«98 

3.6 

3.5 

4.2 

5.9 

4.5 

1899 

3.5 

3.6 

4.6 

7.1 

7.5 

19(H» 

3.5 

3.4 

4.6 

7.1 

4.8 

UWl 

5.1 

3.9 

5.0 

7.8 

4.4 

mn 

3.6 

3.5 

5.0 

4.0 

7.4 

1903 

3.6 

3.5 

6.5 

o.o 

6.9 

19m 

4.1 

3.9 

4.7 

6.^ 

6.6 

19t)5 

3.7 

3.5 

4.9 

6.9 

5.6 

191)6 

5.1 

4.7 

5.3 

8.7 

4.9 

1907 

4.9 

4.3 

4.9 

7  ** 

5.4 

1908 

3.4 

3.6 

4.1 

5.4 

6.8 

1909 

3.3 

3.7 

4.2 

6.4 

6.9 

1910 

4.4 

3.9 

4.7, 

4.9 

3.9 

Mians.. 

4.35 

4.24 

5.14 

7.08 

6.40 

Average. 


line  July 


7.3 
5.3 
5.9 
7.5 
5.0 
4.6 
4.2 
7.9 
6.2 
5.6 
6.2 
5.4 
5.8 
4.2 
4.3 
6.3 
4.6 
7.1 
3.8 
8.5 
5.0 
4.3 
5.3 
4.4 
5.7 
4.0 
7.0 
2.8 
4.0 
4.6 
4.6 
6.1 
8.2 
5.4 
3.7 
5.0 
5.0 
2.4 

5.36 


63 
4.1 
4.6 
5.9 
4.4 
4.6 
4.5 
5.9 
4.1 
5.4 
6.3 
4.0 
5.1 
3.0 
3.5 
4.1 
4.2 
4.7 
3.0 
6.4 
2.6 
3.0 
2.9 
2.7 
4.7 
2.8 
3.4 
4.7 
4.2 
3.0 
4.7 
3.7 
4.8 
4.0 
4.3 
4.4 
2.4 
1.5 

4.15 


Auff. 

Sept. 

4.9 

4.1 

3.7 

4.5 

3.7 

5.5 

4.4 

5.3 

3.1 

2.9 

4.1 

3.3 

3.3 

3.1 

4.1 

3.9 

3.9 

7.2 

4.2 

3.9 

4.9 

3.8 

4.3 

7.6 

5.9 

4.9 

3.2 

4.2 

3.0 

4.2 

4.0 

2.7 

2.4 

1.9 

4.0 

5.6  1 

2.2 

2.0 

4.5 

3.2 

1.8 

1.5 

1.8 

1.6 

2.5 

2.4 

2.8 

2.1 

3.1 

2.4 

2.5 

2.1 

Oct. 


2.6 
3.7 
3.4 
2.4 
4.2 
2.6 
3.7 
2.7 
2.7 
2.5 
2.6 
1.6 

3.34 


2 

5.1 

2.5 

2.6 

6.7 

3.2 

4.3 

3.0 

3.6 

2.0 

2.3 


4.8 
5.1 
4.1 
4.3 
4.4 
5.5 
3.5 
4.1 
9  2 
5.7 
4.8 
8.5 
3.6 
5.7 
4.0 
2.6 
1.6 
5.4 
2.9 


Nov. 


2.3 
1.9 
2.6 
2.0 
2.4 
2.7 
2.7 
7.7 
4.3 
2.4 
5.6 
6.0 
3.8 
2.5 
3.0 
2.3 
2.0  , 


4.3 
5.5 
4.2 
4.5 
4.5 
4.5 
4.2 
3.7 
7.3 
6.7 
4.4 
6.0 
3.5 
3.7 
3.3 
3.2 
1.7 
4.0 
2.5 


2.3 
2.6 
2.2 
3.6 
2.3 
3.4 
3.1 
6.8 
3.6 
4.7 
3.2 
3.6 
3.4 
3.5 
2.2 
2.3 
3.8 


3.62     4.05     3.84 


Dec. 


4.8 
5.3 
3.9 
4.6 
4.5 
5.3 
5.6 
4.3 
6.2 
4.4 
4.5 


2.6 
2.9 
7.0 
3.2 
3.7 
2.8 
3.6 
3.3 
3.7 
4  4 
3.3 
4.3 
3.9 
2.2 
3.5 

5.: 


4.26 


Year 


5.55 
5.33 
4.97 
6.06 
4  55 
4.53 
4.38 
5.22 
«.23 
5.91 
5.72 
5.90 
5.65 
4.86 
4.10 
5.20 
3.42 
5.13 
4.06 
6.23 
3.92 
3.50 
3.43 
3.94 
H.4» 
4.58 
4.22 
4.50 
4.30 
3.90 
4.ft5 
4.54 
4.78 
4.48 
4.04 
3.78 
3.98 
3.90 

4.6& 
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Fig.  8(>.-Map  of  Drainnge  Area  of  the  Wolf  Rivor  above  New  London,  Wisconsin. 
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Pig.  87.— Hydrograplis'  of  the  Dully  Flow  of  the  Wolf  River  at  Xew  London. 
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Fig.  88.— Hydrographs  of  the  Daily  Plow  ol  the  Wolf  River  at  New  London. 
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•//f/v:   •  r£m.   Mm^.  ^/fn   Af^ir  ouf^r  %/tJLY  jtua. 
Pig.  80.— Hydrographs  of  the  Dally  Plow  of  the  Woll 


M£^.    aa-r.   />fov.   omc 
Blver  at  New  London. 
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•/^^   A"/r^.  /i^/f/?.  ^^/r   Mi/fy*MAH£  ^Ui.r  ^</m    ^£r^.    aeir  /^^x.   o£c. 

Pig.  90.— Hydrogniphs  of  the  Daily  Flow  ol  the  Wolf  Biver  at  Kew  London. 
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Fig.  91, 


^CO.   M/if^   /ifA.MAYs/Uf^£*/ULY  ^UO.    ^^/f    OC7T    /VOK  ^/TC 

—Hydrographs  of  the  Dally  Flow  of  the  Wolf  River  at  New  London. 
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Tablk 

11.-- 

Mean  Monthly  and 

Anni:al  Precipitation  in  Wolf  Rivkii 

Vallky  Above  Ne\y  London,  Wis. 

<8 

-     1       . 

^  i  I 

3 

3 

i 

i 

u 

> 

0 

o 

^ 

•-9 

£bi 

^ 

<  \  - 

•-5 

•-9 

< 

X 

O 

y. 

- 

H« 

1888 

3.55 

2.10 

3.55 

3.25 

6.30 

3.25 

3.30 

4.35 

6.15 

2.20 

2.63 

3.20 

43.85 

18J<9 

3.50 

3.45 

0.90 

1.20     4.20 

3.50 

4.70 

3.00 

2.75 

0.40 

2.35 

3.8» 

33.75 

1890 

3.75 

3.10 

2.00 

2.70  •  4.40 

6.60 

5.80 

7.05 

3.40 

2..35 

1  K5 

1.05 

44.05 

1891 

2.05 

2.26 

2.23 

1.79 

0.28 

2.38 

2.27 

3.58 

1.3.- 

1.72 

1.20 

3.34 

24.47 

1892 

1.32 

1.31 

1.27 

2.18 

6.23 

6.79 

3.04 

2.72 

1.87 

2.55 

l.St) 

0.76 

31.90 

1893 

1.66 

2.3i> 

1.99 

3.m 

2.78 

1.73 

2.93 

1.46 

2.15 

2.72 

l.il5 

3.09 

28.49 

1894 

1.54 

0.53 

1.73 

3.0i 

4.(H 

2.63 

1.44 

0.98 

2  IV> 

3.  OH 

2.68 

0.98 

26.15 

1895 

1.53 

0.52 

1.06 

1.57 

3.02 

1.69 

2.51 

2.43 

3.:<8 

0.78 

1.36 

\M^ 

21.31 

1896 

1.08 

0.45 

1.20 

5.07 

5.47 

3.49 

3.08 

3  89 

3.27 

2.93 

2.65 

0.79 

.^3..3: 

1897 

1.69 

1.29 

1.84 

1.86 

2.17 

5.37 

3.67 

2.06 

2.00 

1.71 

1.43 

0.88 

26.  (V. 

1898 

0.70 

1.31 

2.24 

2.24 

3.13 

3.56 

3.44 

3.06 

3.10 

3.51 

1.53 

0.38 

28.20 

1899 

1.35 

1.11 

2.57 

3.21 

2.90 

5.62 

4.68 

2  41 

2.00 

2.65 

0.78 

1.41 

30.ia> 

IIMH) 

1.09 

2.02 

1.31 

3.17 

1.48 

2.51 

6.73 

4.20 

7.53 

8.12 

1.48 

0.85 

90.49 

1901 

0.88 

0.47 

3.26 

0.76 

2.71 

3.45 

6.18 

2.20 

4  41 

3.52 

1.07 

0.93 

29.  S4 

1902 

0.53 

1.47 

1.05 

1.94 

5.67 

4.25 

7.27 

1. 12 

3.00 

l.(V> 

2.tt» 

1.97 

.32. 5<; 

1903 

0.76 

1.09 

3  21 

3.27  1  4.ai 

1.46 

4.69 

5.45 

4.75 

2  13 

0.62 

x\.:>.\ 

1904 

0.46 

1.51 

2.33 

2.49     6.75 

2.68 

3.tW 

2.  OS 

6.06 

4.24 

0.38 

2.22 

34  89 

i9a-> 

1.45 

1.11 

2.22 

1.47 

4.44 

5.72 

4.68 

5.73 

3.47 

2. 50 

I  93 

l.2i» 

36.01 

1906.   ... 

2.70 

0.79 

3.26 

1.91 

3.39 

5.09 

3.tki 

5.65 

2.72 

3.58 

4  17 

1.70 

^62 

1907 

2.22 

0.35 

1.75 

3.26 

2.34 

3.81 

2.91 

3.71 

4.98 

0.06 

:.34 

1.55 

2S.H*» 

\9m 

1.22 

1.61 

2.13 

3.78 

4.49 

3.73 

4.33 

1.53 

2.22 

1.10 

2.14 

1.54 

29  S'i 

1909 

0.63 

1.67 

1.72 

4.14 

3.34 

3.43 

2.44 

2.95 

2.81 

0.83 

3.44 

1.88 

29. 2« 

1910 

1.13 
1.00 

0.97 
1.43 

0.22 
1.95 

5.01 
2.76 

1.81 
3.76 

1.00 
3.64 

1.69 

3.88 

4  05 
3.21> 

3.47 
3.47 

Means .. 

2.49 

1.90 

1.62 

32.10 
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Table  12.— Gacsk  Heights  at  New  London,  Wis.,  on  the  Wolk  Uivek, 
Showing  Comi'akative  Averacje  and  Extreme  Conditions  of  Flow 
FOR  Various  Years*. 


1.^ 
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*J 
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0) 
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t^ 

in 
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^9 

5p 

!;■ 

n 

Remarks. 
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£-23 

u>> 

"^  n 
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^2 

nao 

XJO 

'TSO 

od 

Z  U 

■S  ^ 

^  h 

.  s 

.»— 

9 

X'S 

y.o 

>o 

o-^ 

o-i 

0*5 

o^ 

> 

w-^ 

w- 

<'^ 

55 

^rt 

;5*' 

y," 

15 

1888.. 

11.5 

0.3 

4.11 

05 

101 

62 

Mlssiiiif  Jan.,  Feb.,  Mar.. 

Dec. 

1J*89.. 

9.4 

0.8 

3.32 

13 

23 

71 

80 

6 

0 

Missintp  Jan.,    Feb., 
iMar.,  INov..  Dec. 

1800.. 

lO.O 

2.4 

5.0 

16 

54 

128 

0 

0 

0 

Missing  Jan.,  Feb.,  Mar., 
Nov.,  Dec. 

1891.. 

9.9 

1.0 

4.16 

10 

40 

49 

38 

0 

0 

Missing  Jan.,  Feb.,  Mar., 
Sept.,  Oct.,  Nov.,  Dec. 

1892.. 

9.7 

1.2 

4.29 

22 

79 

102 

54 

0 

0 

Missing  Jan.,  Feb.,  Mar., 
Dec. 

1893.. 

9.6 

0.4 

3.33 

29 

60 

80 

125 

67 

' 

Missing  Jan.,  Feb.,  Mar., 
Dec. 

1894.. 

8.0 

0.3 

3.24 

0 

57 

80 

121 

71 

15 

Mtssing  Jan.,  Feb.,  Mar., 
Dec. 

1«)5.. 

4.3 

0.1 

1.70 

0 

0 

6 

117 

76 

10 

Missing  .Tan.,  Feb.,  Mar., 
Nov..  Dec. 

1896.. 

7.1 

0.0 

2.21 

0 

16 

41 

188 

51 

10 

Missing  Jan..  Feb. 

1897.. 

8.0 

0.3 

2.71 

0 

31 

104 

201 

49 

6 

185«.. 

6.2 

0.0 

2.18 

0 

9 

50 

185 

48 

9 

1899.. 

8.8 

0.4 

2.74 

15 

52 

77 

219 

29 

I 

1900.. 

8.9 

0.3 

3.39 

7 

36 

111 

125 

24 

1 

190L. 

9.1 

0.4 

3.42 

11 

36 

99 

71 

2 

1 

1902.. 

6.5 

0.5 

2.82 

0 

21 

66 

162 

31 

0 

1903.. 

8.5 

1.5 

3.60 

4 

45 

138 

63 

0 

0 

1904.. 

8.6 

1.3 

3.50 

10 

68 

111 

116 

0 

0 

1905.. 

9.2 

2.0 

4.05 

15 

59 

155 

0 

0 

0 

1906.. 

9.5 

1.6 

4.52 

31 

tJ9 

188 

H 

0 

0 

1907.. 

8.4 

1.0 

3.76 

8 

71 

139 

109 

0 

0 

1908.. 

8.0 

0.0 

2.85 

0 

43 

101 

128 

66 

23 

1909.. 

7.0 

0.6 

2.81 

0 

37 

103 

156 

67 

0 

1910.. 

7.2 

-0.4 

1.95 

0 

11 

42 

201 

82 

50 

Missing  Nov.,  Dec. 
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Tahle  13.-  -(iA(;e  Hehjuts  at  New  London,  Wis.,  on  the  Wolf  Rivek 
Showing  AvERAiiE  Monthly  and  Annual  Gage  Heights  for  Vau- 
rors  Ye  Alts. 


Aybragbs. 

Year. 

.Ian. 

Feb. 

Mar. 

Apr.'  May. 

June. 

July. 

3.13 
3.07 
3.74 
2.11 
5.04 
2.39 
1.94 
1.10 
1.30 
3.60 

Aufir. 

1.37 
1.69 
4.84 
1.32 
2.87 
l.O.S 
0.68 
0.90 
1.40 
1.40 

Seut. 

Oct. 

Nov. 

Dec. 

Year 

18S8.. 

9.45  1  9.04 
5.50  1  3.82 
8.57     5.37 

9.24  5.26 

5.65  7.74 

8.66  '  7.20 

5.25  6.38 
2.50     4.60 
3.00     6.0 
6.00  t  4.0 

5.90 
3.65 
6.22 
2.85 
7.84 
4.50 
3.86 
2..S0 
3.10 
4.70 

2.40  '  2.20 
1.67  i  0.99 
3.09  1  3.69 

2.12 
1.06 



4.11 

1889 

8.44 

3.32 

1890  ... 

5.07 

1891 

4.16 

1892 

2.15 
0.78 
0.70 
0.60 
1.10 
0.9l> 

1.49 
1.22 
0.91 
0.70 
0.60 
0.80 

1.57  1 

0.83  1 

2.30    

4.2S> 

1893 

3.33 

1894 

7.14 

3.24 

189.^ 

1.70 

18fl6 

l.ti 
4.1 

1.70 
1.05 

2.30 
1.50 

2.21 

1897 

2.6 

1.8 

2.71 

1898 

1.6 

1.95 

4.1 

4.95  .  3.80 

2.20 

1.20 

1.45 

0.63 

1.35 

1.70 

1.40 

2.18 

1899 

1.26 

1.47 

2.42 

6.89     6.31 

5.74 

2.61 

1.25 

1.07 

0.99 

1.26 

1.48 

2.74 

1900  .... 

1.23 

1.42 

2.55 

4.52  i  2.28 

1.21 

5.00 

2.25 

3.2i? 

7.00 

6.39 

3.60 

3.39 

1901 

2.96 

2.54 

4.01 

7.44  '  4.90 

3.79 

3.53 

2.47 

1.56 

3.89 

2.24 

1.69 

3.42 

1902 

2.03 

2.19 

4.57 

2.64     6.12 

3.36 

2.04 

1.50 

1.20 

0.95 

1.84 

5.94 

2. 82 

1903 

1.80 

1.70 

5.60 

4.90     5.7 

3.70 

4.50 

3.1 

4.0 

3.50 

2.10 

1.90 

3.60 

1904 

1.70 

1.60 

3.70 

6.50     7.00 

6.30 

3.90 

2.00 

2.4 

4.60 

2.40 

1.70 

3.50 

1905.... 

2.:iO 

2.39 

4.47 

6.78     5.35 

6.31 

4.96 

3.60 

3.96 

3.02 

2.81 

2.68 

4.05 

19Utt 

2.54 

3.66 

5.88 

8.92     5.80 

5.04 

3.83 

2.65 

2.83 

2.74 

4.55 

5.78 

4.52 

1907 

4.H7 

3.56 

5.66 

7.41      6.54 

4.49 

3.79 

1.80 

2.56 

1.73 

1.51 

1.73 

3.76 

19  8 

I.S)d 

2.47 

5.60 

5.81      6.49 

3.25 

3.74 

0.95 

0.38 

0.93 

1.15 

1.49 

2.85 

1909 

1.80 

2.62 

3.24 

5.71      6.67 

5.41 

i.2i; 

0.94 

0.96 

0.7H 

1.77 

2.59 

2.81 

1910.   . 

1.69 

1.20 

3.92 

4.22  1  3.99 

1.34 

0.00 

0.46 

1.51 

1.20 

1.95 
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Pig.  92.— Hydrographs  of  the  Dally  Plow  of  the  Upper  Mississippi  River  at  Hastings, 

Minnesota. 
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Jiff  93.— Hydroffrapbs  of  the  Dally  Flow  of  the  Upper  Mississippi  River  at  Hastings, 

Minnesota. 
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Jig.  94.— Hydrographs  of  the  Dally  Plow  of  the  Uppen  Mississippi  Blver  at  Hastlngf, 

Minnesota. 
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Pig.  95.— Hydrographs  ol  the  Dally  Plow  of  the  Upper  Mississippi 

Minnesota. 
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96.— Hydrographs  ol  the  Dally  Flow  of  the  Upper  Mississippi  River  at  Hastings, 
Minnesota. 
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Fig.  97.— Hydrograhs  of  the  Daily  Flow  of  the  Upper  Mississippi  River  at  Hastings, 

Minnesota. 
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Pig.  98.— Hydrographs  of  the  Daily  Flow  of  the  Upper  Mississippi  River  at  Hastings, 

Minnesota. 
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-Hydrographs  of  the  Dally  Flow  of  the  Upper  Mississippi  River  at  Hastings, 
Minnesota.  Digitized  by  LiOOQle 

[358] 


MEAD— FLOW  OF   STREAMS  AND  FACTORS  THAT   MODIFY   IT        185 


Table    14.— MiSan  Monthly   and   Annual    Pkecipitation  in   Upper 
Mississippi  Valley  Above  Hastings,  Minn. 


a 

1 

1 

e8      1 
S      1 

c 

i 

< 

i 

t 

1 

ll 

1890 

0.88 

0.98 

2.03 

1.62 

1 
2.87  i 

5.19 

2.62 

3.20 

1.22 

1.38 

2.30 

1.70 

25.99 

18M1...   . 

2.92 

2.55 

0.99 

0.50 

4.47  1 

3.29 

2.04 

4.28 

9.92 

3  74 

1.78 

0.44  '  36.92 

1882 

0.58 

1.88 

2.18 

2.15 

3.23 

2.68 

2.65 

2.34 

0.21 

1.95 

1.70 

1.49     23.04 

1883 

1.43 

0.68 

0.19 

4.38 

2.33 

6.82 

4.38 

0.84 

2.11 

2.09 

0.84 

1.70  i  27.79 

1884 

o.m 

1.74 

1.14 

1.86 

2.54 

3.S8 

2.29 

3.4i) 

4.88 

1.80 

0.66 

2.14     26.94 

18.H5 

0.50 

0.20 

0.63 

2.79 

1.84  i 

4.88 

5.53 

2.87 

3.68 

0.1>7 

0.76 

0.58     25.23 

1H86 

1.49     0.55 

0.71 

4.22 

1.14  ' 

4.15 

3.16 

2.26 

3.57 

1.15 

1.74 

0.94     25.08 

lanr 

1.17     0.i»9 

0.44 

2.51 

2.«r7 

3.P4 

3.39 

2.85 

3.25 

1.76 

0.55 

2.63     '25.55 

1888 

0.70     0.62 

1.30 

4.05 

4.68 

2.02 

5.88 

2.. 32 

1.70 

l.(H> 

0.28 

0.47  .  25.07 

1889 

0.84     0.66 

0.8:^ 

1.42 

2.59 

2.56 

3.33 

2.67 

1.10 

0.(H 

0.71 

1.12 

17.82 

189(» 

0.70     0.60 

1.3») 

1.38 

3.22 

5.21 

2.59 

2.70 

2.3S 

2.05 

0.45 

0.34 

22.92 

1891 

0.71      1.38 

1.31 

2.01 

1.48 

3.89 

3.27 

2.75 

1.80 

1.42 

0.83 

2.49 

23.34 

1892 

0.09     1.38 

0.98 

2.  (►4 

6.70 

5.32 

8.14 

4.06 

1.15 

0.67 

0.55 

0.55 

31.63 

1893 

1.23     1.37 

1.52 

4.90 

2.26 

1.75 

2.87 

4.14 

1.58 

1.60 

0.76 

1.84 

25.82 

1894 

0.88 

0.14 

2.34 

4.49 

4.71 

2.43 

0.70 

0.H5 

l.li8 

3.73 

0.72 

1.08 

23.75 

18P5 

0.63 

0.46 

0.29 

1.40 

3.35 

4.22 

3.72 

2.18 

4.15 

0.(»5 

0.90 

0.25 

21.60 

1896 

0.74 

0.28 

2.37 

6.12 

5.05 

3.73 

1.66 

2.35 

2.48 

3.tVS 

3.34 

0.60 

32.40 

1897 

1.97 

1.38 

2.63 

1.67 

1.53 

6.93 

8.76 

1.83 

2.15 

1.6-» 

0.61 

0.33 

31.44 

1898 

0.11 

1.19 

1.48 

1.19 

3.47 

3.86 

2.89 

3. 17 

1.49 

4.22 

1.23 

0.13 

24.33 

1899 

0.57 

0.S7 

2.*) 

1.62 

4.61 

5.71 

2.24 

6. 57 

1.45 

3.69 

0.69 

'  0.89 

31.21 

1900 

0.49 

0.65 

1.40 

1.27 

0.49 

1.50 

5.49 

7.16 

5.59 

3.40 

O.tJO 

0.54 

28.68 

1901 

0.38 

0.28 

1.97 

1.66 

1.43 

5.77 

2.70 

1.90 

3.42 

1.70 

0.92 

0.54 

22.67 

1902 

0.50 

0.46 

0.66 

2.<»o 

4.22 

3.12 

4.78 

4.14 

2.42 

1.75 

1.84 

1  1.87 

27.76 

1903 

0.42 

0.70 

2.20 

3.02 

4.93 

1.58 

6.60 

4.54 

6.76 

3.56 

0.38 

1  0.91 

35.60 

1904 

0.49  1  0.91 

1.36 

1.64 

2.57 

4.49 

4.68 

3.71 

4.09 

,  4.15 

0.13 

'  0.75  i  28.97 

1905 

0.80  i  0.44 

1.0») 

1.59 

4.87 

7.69 

4.48 

4.59 

4.23 

2.41 

2.48 

0.07  (  34.65 

1906 

1.52  1  0.35 

0.i»6 

2.(»7 

6.49 

5.89 

3.18 

4.85 

3.81 

2.02 

1.71 

0.92 

33.77 

IdiYi 

1.50  1  0.60 

0.90 

0.90 

2.35 

4.28 

3.22 

373 

4.32 

1.17 

1.00 

0.50 

24.47 

1908 

0.35  ,  l.(H) 

1.43 

3.«)0 

7.12 

7.17 

3.3:i 

1.70 

3.07 

1.73 

1.15 

0.78 

31.83 

1909 

1.27 

2.15 

0.45 

2.89 

3.57 

2.88 

4.58 

3.79 

2.98 

1.83 

2.32 

1.79 

30.50 

1910 

1.22 

0.89 

1.62 
0.91 

0.18 
1.27 

1.38 
2.38 

1.47 
3.34 

1.67 
4.15 

1.85 
3.77 

2.61 
3.23 

Means. . 

3.08 

2.08 

1.13 

1.01 

27.56 
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Table  15.— Gaoe  HKroHTS  at  Hastings  on  the  Mississippi  River 
SuowiNG  Comparative  Average  and  Extreme  Conditions  op 
Flow  for  Various  Years. 


Year. 

Extreme 
hljrh  wa- 
ter. 

Extreme 
low    wa- 
ter. 

Avera«?e 
for    the 
year. 

•r. 

^  > 

7; 

■r. 

^^ 

0 

0 

0 
0 

0 

0 

6 

39 

10 

82 

101 

239 

103 

53 

92 

154 

105 

5 

2 

0 

17 

16 

10 

0 

0 

0 

0 

0 

0 

0 

/5 

0 

0 

0 
0 

0 
0 
0 
0 
0 

10 
8 

32 
4 
0 

12 
4 

21 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Remarks. 

1880 

1881 

1882 

1883 

1884.... 

16.80 

18.00 

13.70 
13.10 

11.20 
9.20 
10.00 
11.00 
14.30 
4.20 
6.60 

7.ai 

13.10 
14.30 
13. CO 
5.80 
12.60 
17.00 
13.40 
11.30 
7.70 
8.80 
8.10 
13.80 
11.00 
14.40 
13.50 
13.50 
15.40 
12.20 

1.70 

3.60 

2.40 
1.00 

1.70 

1.10 

0.30 

0.10 

0.30 

-0.40 

-0.40 

-O.tK) 

-0.70 

0.10 

—0.50 

-0.20 

-0.60 

0.80 

0.50 

1.40 

0.30 

0.40 

0.80 

1.50 

1.40 

2.30 

4.80 

1.40 

1.30 

,      2.50 

5.60 

8.94 

6.63 
4.62 

4.88 
3.97 
3.29 
2.61 
4.75 
1.68 
2.09 
1.20 
3.33 
3.47 
2.64 
1.44 
3.19 
5.69 
3.25 
5.02 
3.30 
4.67 
2.69 
6.36 
5.05 
6.50 
7.ti8 
6.20 
5.37 
5.28 

112 

232 

212 
93 

142 

111 

74 

55 

119 

0 

28 

2J> 

84 

80 

52 

8 

83 
152 
46 
169 
63 
100 
30 
212 
148 
260 
343 
245 
143 
1.53 

73 

170 

101 
56 

48 
17 
22 
17 

82 
0 

\ 

46 
68 
42 

0 
65 
80 
16 
75 

0 
16 

.al 

67 

,      89 

136 

84 
-      76 

1   «' 

18 

50 

30 
13 

0 
0 
0 
0 
40 
0 
0 
0 
10 
19 
6 
0 
10 
42 
6 
0 
0 
0 
0 
23 
0 
15 
36 
13 
43 
3 

11 

0 

0 

27 

8 

18 

86 

217 

120 

245 

227 

286 

155 

203 

242 

283 

217 

19 

47 

64 

56 

133 

184 

37 

6 

0 

0 

29 

6 

0 

Data  for  Jan.,  Feb.. 

Mar.,  I>ec.,  mlss- 

intr. 
Data  for  Jan..  Feb.. 

Mar.,  misslnir 

Data  for  Jan..  Feb., 
Mar.,  misKing*. 

1885 

1886 

1887 

1888 

1889 

1890 

1891 

1892 

1893 

1S94 

1895 

1896  .. 

1897 

1898 

1899 

liKH) 

1901   

19('2 

^ 

1903  ... 

1904 

1905 

11M)6 

1907 

1908  . 

1909  ... 
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Table  16. — Gage  Hkigiits  at  Hastings  on  the  Mississippi  River  Suow- 
ixi;  A  VERAGB  Monthly  and  Annual  Gage  Heights  for  Various  Years. 


Year 


18W 
1>8I 
1H82 
IK83 
1HH4 
18H5 

1S87 

1SS9 

1H9I 
1S92 

1894 
lh95 
1890 
1897 
1898 
18t>i» 
19(10 

m)i 

1902 
I9()3 
19IH 
191)5 
1906 
1907 
IWW 
1909 


Average. 


Jan.    Feb.  '     ar.    Apr. 


5.11 

426 

6.05 

2.2« 

4.96 

4.03 

2.69 

2.69 

3.60 

2.25 

2.44 

3.50 

1.75 

1.82 

3.68 

1.03 

1.62 

1.95 

1.15 

1.73 

2.68 

0.81 

0.80 

0.90 

0.00 

0.56 

0.97 

0.15 

0.79 

2.42 

0.84 

1.08 

2.23 

1.10 

1.16 

3.03 

0.86 

0.83 

1.05 

0.13 

0.28 

0.14 

2.54 

2.08 

4.30 

2.08 

2.15 

2.79 

1.84 

1.66 

2.07 

2.74 

2.46 

2.64 

1.83 

1.60 

3.40 

1.32 

1.44 

2.22 

2.34 

1.65 

5.56 

3.12 

3.07 

4.08 

2.74 

2.55 

4.60 

5.13 

5.21 

5.80 

5.34 

5.74 

7.44 

2.3t5 

2.69 

3  98 

2.86 

2.79 

4.68 

8.3J 
7.37 
12.05 

9.8t 
7.93 
5.98 
2.17 
8.48 
9.17 
2.30 
3.79 
5.38 
4.28 
9.85 
6.28 
0.40 
6.66 
14.65 
3.13 
5.82 
4.18 
7.78 
1.34 
7.98 
9.:w 

5.57 
11.16 
11.18 

5.9i) 
10.05 


8.17 
12.05 
11.60 
8.70 
9.08 
6.20 
6.87 
5.17 
12.90 
3.54 
2.88 
3.50 
8.12 
12.38 
10.73 
1.81 
11.12 
7.43 
3.57 
7.40 
2.63 
6.76 
4.55 
9.88 

8. as 

8.88 
9.68 
7.58 
8.68 
8.06 


12.35 

9.25 
8.95 
7.74 
6.67 
6.67 
4.75 
2.71 
10.10 
2.02 
5.65 
1.79 
9.W 
6.27 
4.08 
4.00 
8.12 
6.62 
8.97 
10.18 
1.60 
5.12 
6.43 
7.23 
7.30 
9.70 
12.10 
9.iX) 
13.80 
8.23 


July. 

Aujf. 

Sept. 

Oct. 

6.08 

2.64 

2.32     2.24 

6.43 

4.43 

9.87    12.78 

9.28 

5.69 

4.47     4.55 

3.99 

2.69 

2.10     2.36 

3.28 

2.31 

4.48     6.57 

5.66 

3.49 

3.3i)     3.63 

3.08 

1.50 

2.26 

2.27 

2.18 

1.37 

1.56 

1.25 

6.40 

4.37 

2.81 

2.55) 

1.29 

2.18 

1.69 

1.00 

3.53 

1.24 

1.52 

2.00 

1.21 

0.41 

0.01 

0.59 

5.60 

3.50 

2.43 

1.53 

2.69 

1.22 

1.92 

2.(N) 

1.01 

0.46 

0.78 

1.21 

2.25 

1.23 

1.68 

2.04 

3.31 

1.35 

1.20 

1.47 

11.00 

6.34 

4.42 

3.74 

4.50 

2.29 

1.98 

3.19 

6.08 

4.42 

5.80 

6.02 

2.19 

3.:^o 

6.00 

6.23 

6.58 

2.30 

1.78 

2.25 

4.26 

1.60 

1.57 

1.52 

6.54 

5.38 

8.88 

11.28 

4.43 

3.C»5 

3.87 

6.95 

12.05 

7.64 

6.96 

6.08 

8.74 

6.65 

7.53 

6.68 

7.47 

4.98 

5.11 

4.47 

10.95 

5.08 

3.03 

3.09 

5.76 

4.92 

3.67 

3.24 

Nov. 


2.63 
11.32 
4.57 
1.89 
4.18 
2.33 
1.69 
0.58 
2.33 
0.50 
1.50 
0.01 
0.63 
0.98 
1.08 
0.86 
2.03 
2.62 
2.38 
5.93 
3.90 
2.06 
3.76 
5.21 
5.12 
5.68 
7.19 
3.54 
2.83 
4.03 


Dec. 


7.44 
2.99 
2.25 
2.86 
l.JM) 
1.71 
0.77 
1.09 
0.05 
0.44 
0.10 
0.43 
1.14 
0.73 
0.23 
2.41 
2.46 
2.06 
3.01 
1.85 
9.2:^ 
2.24 
3.25 
2.23 
5.53 
6.44 
1.73 
2.06 
I  5.02 


5.6 

8.94 

6.63 

4.62 

4.88 

3.97 

3.29 

2.61 

4.75 

1.68 

2.09 

1.20 

3.33 

3.47 

2.64 

1.44 

3.19 

5.69 

3.25 

5.02 

3.30 

4.67 

2.69 

6.36 

5.05 

6.50 

7.68 

6.20 

5.37 

5.28 
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APPENDIX  D. 

After  the  preceding  pages  had  gone  to  the  printer,  the  writer's 
attention  was  called  to  an  article  in  '* Engineering  News''  of 
June  23rd,  1910,  by  C.  W.  Durham,  principal  assistant,  U.  S. 
engineer  of  Rock  Island.  The  table  accompanying  Mr.  Dur- 
ham's article  contains  some  important  data  not  included  in  the 
previous  pages,  and  his  article  is  here  reproduced  in  part. 

It  may  be  remarked  that  while  it  is  sometimes  possible,  by  a 
judicious  selection  of  data,  to  sustain  various  conclusions  in  re- 
gard to  the  effect  of  forests  on  stream  flow,  yet,  when  practically 
all  of  the  data  concerning  any  one  stream,  is  carefully  considered, 
only  one  conclusion  is  possible.  The  data  offered  by  Mr.  Dur- 
ham is  not  complete,  but  it  will  be  found  that  the  data  already 
discussed  in  this  bulletin  contain  considerable  matter  that  will 
further  illustrate  his  article,  and  emphasize  his  conclusions. 
(See  especially  the  tables  and  hydrographs  in  Appendices  A,  B, 
and  C.) 

Records  op  Deforestation  and  Gage  Heights  for  the  St. 

Croix  and  Chippewa  Rivers.* 

«    •    • 

'*The  Chippewa,  which  has  furnished  enormous  quantities  of 
pine  and  other  timber,  has  its  source  near  the  Michigan  boundary 
of  the  state  of  Wisconsin  and  flowing  in  a  southerly  direction 
joins  the  Mississippi  at  Reeds  Landing,  77  miles  below  St.  PauL 
It  is  267  miles  in  length  with  a  drainage  area  of  9,530  square 
miles,  the  greater  part  of  which,  before  deforestation  began,  was 
,  covered  with  forests.  Of  late  years  the  land  from  which  the  tim- 
ber has  been  removed  has  been  rapidly  taken  up  by  settlers  so 
that  there  is  practically  no  second  growth. 

**As  regards  the  Chippewa,  extraordinary  overflows  or  floods 
occurred  in  1838,  '47,  '55,  '58,  '66,  '80  and  '84,  but  since  1884 
there  has  been  no  memorable  flood. .  It  will  be  noted  that  these 
floods  took  place  before  or  during  the  comparative  infancy  of 


♦Engineering  News,  June  23,  1910.     Charles  W.  Durham.  Prln.  Asst 
U.  S.  Engineer. 
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deforestation.  The  flocd  of  1884,  the  latest  of  those  mentioned 
(26  ft.  at  Chippewa  Falls,  27  feet,  at  Eau  Claire)  was  productive 
of  great  damage  and  attributable  to  an  unusually  great  rainfall 
over  a  comparatively  small  area,  in  combination  with  the  break- 
ing of  two  reservoirs  containing  together  900,000,000  cu.  ft.  of 
water,  but  even  this  great  quantity  of  water  was  productive  of 
only  an  ordinary  high-water  stage  at  the  mouth  of  the  river. 

**The  St.  Croix  also  rises  near  the  Michigan  boundary  and 
flows  in  a  direction  parallel  to  that  of  the  Chippewa.  It  empties 
into  the  Mississippi  at  Prescott,  about  30  miles  below  St.  Paul. 
It  is  168  miles  long  and  its  drainage  area  of  7,146  sq.  mi.  was- 
once  well-nigh  covered  with  forest  growth.  These  lands  were- 
formerly  thought  to  be  barren  and  worthless,  but  since  deforesta- 
tion settlers  are  rapidly  coming  in  and  taking  up  for  cultivation 
the  former  sites  of  pine  forests. 

**The  highest  floods  recorded  at  Stillwater,  23  miles  up  the- 
St.  Croix,  were  19.7  ft.  in  1850,  16.9  ft.  in  1880  and  17.8  ft.  in 
1881. 

•'Setting  aside  for  the  present  the  consideration  of  the  precip- 
itation of  summer  rain  and  winter  snow,  which  governs  in  na 
small  degree  the  extent  and  duration  of  floods  and  low  waters, 
it  is  found  necessary  on  account  of  lack  of  suflBcient  records  of 
precipitation,  except  in  late  years,  to  use  tte  river-gage  records 
in  forming  our  opinion  as  to  both  floods  and  droughts,  and  it  wa3 
further  thought  best  to  use  the  records  taken  at  or  near  the 
mouths  of  the  rivers,  as  being  less  affected  by  logging  dams  and 
reservoirs  than  points  at  a  distance  up  the  streams.  For  this  rea- 
son gage  records  for  the  St.  Croix  used  in  the  following  table  are 
taken  at  Prescott,  supplemented  by  those  at  Hastings,  three  miles, 
above  on  the  Mississippi,  and  for  the  Chippewa  at  Reeds  Land- 
ing, and  Winona,  38  miles  below,  which  gages  in  both  cases  have 
always  been  in  close  accord  especially  at  low  stages. 

*'In  Table  17  deforestation  begins  with  118  sq.  mi.  in  1875  and 
increases  to  a  total  of  6,306  sq.  mi.  at  the  close  of  1909,  which 
is  37.8%  of  the  combined  drainage  areas  (16,676  sq.  mi.)  of  the 
two  streams.  While  this  mileage  of  deforestation  is  incomplete, 
as  not  including  the  ravages  of  former  years  by  lumbermen  and 
the  smaller  destruction  by  farmers,  it  affords  a  good  idea  of  the 
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-enormous  extent  to  which  such  deforestation  has  been  carried^ 
and  it  will  be  noted  that  the  very  highest  floods  took  place  be- 
fore deforestation  had  made  much  progress,  due  attention  being 
given  to  cases  previously  cited,  especially  in  regard  to  the  Chip- 
pewa. 

*'The  quantity  of  logs  cut  on  the  St.  Croix  and  the  Chippewa 
has  been  ascertained  from  year  to  year  by  the  *' Northwestern 
Lumberman."  In  this  article  the  cut  on  the  drainage  areas  of 
the  two  rivers  has  also  been  combined.  The  cutting  and  rafting 
of  logs  had  been  going  on  for  many  years  prior  to  1875,  the 
year  of  our  first  record,  but  not  on  so  large  a  scale  as  sub- 
«e(iuently. 

**For  the  past  few  years  the  log  cut  has  been  chiefly  on  the 
upper  Mississippi,  above  the  Falls  of  St.  Anthony,  as  the  pineries 
of  the  St.  Croix,  Chippewa,  Black  and  Wisconsin  were  practi- 
"Cally  exhausted  some  years  ago.  The  average  cut  is  estimated  at 
7,000  ft.  to  the  acre,  as  ascertained  from  lumbermen  most  famil- 
iar with  log  cutting,  and  with  this  unit  the  mileage  of  deforesta- 
tion as  given  in  Table  17  was  calculated. 

*'The  low  stages  at  Prescott  in  1894  and  1895  were  prevalent 
on  the  Mississippi  river  and  its  tributaries  above  the  mouth  of 
the  ^lissouri  and  were  due  to  the  small  precipitation  in  the  sum- 
mer months. 

**High  Avater  (over  12  ft.)  at  the  mouths  of  the  St.  Croix  and 
€hippewa,  occurred,  as  shown  in  Table  I,  but  none  of  the  high 
waters,  except  those  of  1880,  1881  and  1897  in  the  St.  Croix,  and 
1880  in  the  Chippewa,  are  to  be  considered  as  floods,  the  remain- 
der being  good  navigation  stages  only  and  not  detrimental  in 
any  way.  It  is  to  be  noted,  also,  that  when  such  good  stages 
occur,  the  low  water  periods  of  the  same  year  are  generally 
higher  than  mean  low  water,  which  may  be  put  at  1.5  ft. 

•*The  big  floods  in  the  St.  Croix  and  Chippewa,  except  that 
of  1897  in  the  St.  Croix,  occurred  before  deforestation  was  much 
advanced,  and  if  we  consider  the  floods  of  the  St.  Croix  and 
Chippewa  in  early  years,  the  influence  of  deforestation,  if  any,  on 
floods  cannot  be  considered  as  detrimental  on  these  streams. 

**As  regards  low-water  (stages  below  1.5  being  so  considered) 
the  deductions  from  Table  I  are  not  so  obvious,  but  it  is  noted 
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that  in  the  16  years  from  1878  to  1893  inclusive,  the  stage  fell 
below  mean  low  water  12  times,  and  from  1894  to  1909  inclusive, 
only  6  times.     •    •    • 

**My  conclusions  are  that  the  destruction  of  the  pine  forests 
in  Wisconsin  has  had  no  effect  whatever  in  creating  or  increasing 
floods  and  droughts  in  tributary  streams  or  in  the  upper  Mis- 
sissippi, inasmuch  as  these  features  are  controlled  by  precipi- 
tation, which  has  not  increased  or  decreased  to  any  marked  ex^ 
tent,  at  least  not  during  the  periods  of  accurate  observations 
made  by  the  Weather  Bureau.  The  high  waters  are  not  higher 
nor  the  low  waters  lower  than  formerly,  nor  are  they  of  greater 
■  frequency  and  duration,  and  the  tendency  appears  to  be  of  late 
years  favorable  to  navigation  in  both  respects." 
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Table  17.— Showing  by  Years  for  the  St.  Croix  and  Chippewa,  thb 
Log  Cut,  the  Areas  op  Deforestation,  the  Highest  and  Lowest 
Open  Ufver  Waters  and  the  Percentage  of  Defc»restation. 


Area 

Total 

St.  Croix 

Chippewa 

Percentage 

Logs  cut 

M.n.  B.M. 

defor- 

Area 

at 

at 

of  entire 

Year 

ested 

defor- 

Prescott 

Reeds 

drainaflre 

per  yr. 

ested 

and 

and 

area 

sq.  mi. 

SQ.  ml. 

Hasting. 

Winona. 

deforested. 

H.W. 

L.W. 

H.W. 

L.W. 

1875.. 

530,032 
^5.318 
204.600 
435,238 

118 
79 
45 
97 

118 
197 
242 
.339 

.007 

1876.. 

.011 

1877.. 

.014 

1878.. 

"o.'d" 

'  "O."!'* 

.020 

1879.. 

650,036 

145 

484 

"ib'j"      1.1 

'"9!6" 

0.7 

.035 

1880.. 

919,139 

205 

685 

16.8          1.3 

16.9 

1.6 

.041 

1881.. 

1,000.000 

223 

908 

17.6 

3.1 

14.4 

3.0 

.054 

1882.. 

878,28t 

196 

1.104 

13.3 

3.9 

11.9 

2.5 

.066 

1883.. 

825.640 

184 

1.288 

12.7 

1.3 

12.2 

1.8 

.077 

1884.. 

905,148 

202 

1.490 

10.8 

1.3 

11.4 

1.7 

.08» 

l^f^.. 

920.249 

205 

l.iMlS 

8.8 

2.3 

8.8 

2.5 

.101 

1886.. 

941.676 

120 

1.715 

9.6 

0.7 

10.6 

1.1 

.103 

1887.. 

632.550 

143 

UBSS 

10.6 

0.4 

10.9 

1.4 

.111 

1888.. 

671.328 

149 

3.«17 

13.9 

2.0 

14.9 

2.2 

.123 

1889.. 

678,495 

151 

2j:>i 

3.8 

0.4 

5.3 

1.1 

.140 

1890.. 

789.427 

176 

2.3S1 

6.7 

0.8 

8.2 

1,9 

.14S 

1891.. 

651.372 

145 

2.473 

7.5 

0.0 

8.9 

0,2 

.163 

1892.. 

1,125.304 

251 

2.Tai 

13.2 

1.1 

12.1 

1.5 

.171 

1893  : 

1,014.372 

226 

2.StortJ 

14.0 

0.5 

12.6 

1.2 

.189 

1894.. 

900.320 

200 

3,156 

13.5 

0.7 

13.3 

0.4 

.202 

1895.. 

996.166 

222 

:4.r^ 

6.5 

O.l 

5.5 

0.2 

.212 

1896.. 

726,667 

162 

3,&ta 

12.8 

0.5 

9.5 

0.6 

.230 

1897.. 

937.187 

209 

3.749 

16.2 

3.1 

12.3 

2.2 

.236 

1898.. 

859,164 

191 

3.im> 

14.C 

1.4 

9.0 

0.3 

.247 

1899.. 

802,153 

179 

4.11k) 

11.3 

2.6 

8.9 

1.2 

.258 

1900.. 

805,515 

180 

4.299 

8.4 

0.8 

8.5 

O.l 

.272 

1901.. 

1,090,651 

243 

'      4,542 

9.5 

2.0 

7.1 

0.9 

.285 

1902.. 

984. 5n 

219 

4,761 

8.8 

1.3 

5.3 

0.7 

.293 

1903: 

590,424 

131 

4.892 

12.5 

3.3 

11.0 

2.8 

.303 

1904.. 

524,513 

117 

5,009 

11.3 

2.2 

7.9 

1.7 

.386 

1905.. 

499,082 

111 

6,120 

14.7    1      3.8 

10.1 

2.6 

.367 

1906.. 

.301,564 

67 

6,187 

13.5           4.9 

10.1 

3.4 

.371 

1907.. 

265,748 

59 

6.246 

13.6          3.4 

10.0    1      2.1 

.374 

1908.. 

143,839 

32 

6.278 

14.8          3.4 

10.3          0.9 

.376 

1909.. 

123,283 

28 

1      6.306 

11.6          3.1 

7.7          1.7 

.378 
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SOME  ALLOYS  OF  CALCIUM 


INTRODUCTION 


Until  recently  calcium  has  been  a  metal  of  high  cost  and  great 
rarity  on  account  of  the  difficulty  of  separating  it  from  its 
compounds.  Through  improvements  in  electrolytic  reduction 
methods  it  has  become  of  moderate  price  and  may  now  be  class- 
ed amoung  the  technically  available  metals.  It  is  as  yet  a  mat- 
ter of  speculation  as  to  what  uses  it  may  serve,  and  it  is  natural, 
therefore,  that  there  should  be  some  general  interest  in  a  study 
of  alloys  containing  calcium  as  an  ingredient. 

A  revievr  of  tlie  literature  shows  that  some  alloys  of  calcium 
have  been  made.  Three  general  methods  have  been  employed. 
First  lime  was  heated  with  metal  to  be  alloyed  in  the  pres- 
ence of  metallic  sodium.  Second,  calcium  carbide  and  an  oxide 
of  the  metal  were  heated  together,  and  third,  fused  calcium 
choloride  was  electrolyzed,  using  the  metal  to  be  alloyed  as 
cathode. 

METHODS   USED 

In  this  investigation  which  was  carried  out  in  the  chemical 
engineering  laboratories  of  the  University  of  "Wisconsin,  the 
Wloys  were  made  by  adding  metallic  calcium  to  the  molten 
Inetal,  the  calcium  being  added  in  small  pieces.  This  slow  addi- 
tion tends  to  moderate  the  violence  of  the  reaction  which  occura 
ivhere  the  two  metals  have  reached  the  necessary  temperature. 
Ill  some  cases,  even  when  a  small  quantity  of  calcium  (one  or 
two  grams)  was  added,  the  violence  of  the  reaction  forced  some 
of  the  molten  metal  from  the  crucible. 
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Crucibles  made  from  Acheson  graphite  were  employed  in  the 
preparation  of  these  alloys,  an  electric  furnace  of  granular  re- 
sistor type  being  used  to  furnish  the  necessary  heat. 

Preliminary  experiments  w^re  made  to  determine  some  of  the 
characteristic  changes  produced  by  the  addition  of  calcium  to 
pure  metals.  In  each  case  there  was  found  to  be  a  decrease  in 
the  tensile  strength  accompanied  by  an  increase  in  the  brittle- 
ness  of  the  alloys  produced.  A  further  increase  in  the  calcium 
content  in  some  cases  produced  an  alloy  which  could  be  pulver- 
ized easily. 

ALLOYS  OF  CALCIUM  WITH  ALUMINUM,  MAGNESIUM 
AND  SILICON 

Since  calcium  is  a  strong  reducing  agent  is  was  thought  that 
a  considerable  number  of  binary  and  ternary  alloys  could  be 
made  which  would  be  of  value  as  reducing  agents.  This  sug- 
gested a  study  of  the  alloys  of  calcium  with  aluminum,  magne- 
sium and  silicon. 

Several  alloys  of  calcium-aluminum  and  calcium-aluminum- 
silicon  were  made.  The  metals  were  melted  in  a  graphite  cru- 
cible containing  sufficient  calcium  chloride  to  cover  the  molten 
alloy.  The  metals  were  added  in  this  order ;  aluminum,  magne- 
sium, calcium.  In  the  case  of  alloys  containing  silicon  it  was 
found  advantageous  to  add  the  silicon  to  the  binary  alloys  of 
aluminum-calcium  or  of  aluminum-magnesium  as  the  solubility 
of  this  element  was  greater  in  these  combinations  than  in  the 
aluminum  alone.  In  each  case  there  was  an  evolution  of  heat 
when  the  alloy  was  formed,  and  in  some  cases  the  reaction  was 
sufficiently  violent  to  force  a  portion  of  the  molten  metal  from 
the   crucible. 

The  violence  of  the  reaction  was  diminished  to  a  considerable 
degree  by  inoculating  the  molten  metal  wilii  a  small  quantity  of 
metallic  calicum  after  which  larger  quantities  of  calcium  could 
be  added  without  losing  any  portion  of  the  charge.  The  result- 
ing alloy  was  stirred  thoroughly  by  means  of  a  graphite  rod  and 
when  sufficiently  fluid  was  poured  into  an  iron  mould.  This 
method  of  operation  tended  to  keep  the  alloy  unifonn  in  com- 
position. 
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A  series  of  ealeium-aluminum  alloys  was  made  to  ascertain 
how  much  calcium  at  one  end  of  the  series  would  make  alumin- 
um brittle  and  how  much  aluminum  at  the  other  end  of  the 
series  would  make  calcium  brittle.  It  was  noticed  that  th% 
point  of  brittleness  sufficient  to  enable  the  alloys  to  be  pulver- 
ised in  a  disc  grinder  lay  between  20  and  25  per  cent  cal- 
cium. The  alloy  containing  20  per  cent  calcium  was  somewhat 
malleable  and  could  not  be  pulverized  in  a  disc  grinder.  An 
alloy  containing  80  per  cent  calcium  could  be  pulverised  with- 
out difficulty. 

Several  alloys  of  calcium-aluminum-silicon  and  calcium-mag- 
nesium-silicon were  made.  All  of  these  alloys  containing  25  per 
cent  calcium,  or  its  equivalent  of  calcium  and  magnesium,  or  of 
magnesium  alone  could  be  pulverized  in  a  disc  grinder. 

The  binary  alloys  of  calcium  and  aluminum  containing  the 
lower  percentages  of  calcium  were  made  without  any  special  pre- 
caution being  taken  to  prevent  oxidation.  As  the  percentage  of 
calcium  increased  the  tendency  to  oxidize  increased  to  such  an 
extent,  that  even  \\ith  a  protective  layer  of  calcium  chloride,  it 
seemed  impossible  to  prepare  in  an  open  crucible  an  alloy  con- 
taining more  than  85  per  cent  calcium.  The  alloys  containing 
the  higher  percentages  of  calcium  and  ma^esium  were  difficult 
to  prepare  on  account  of  the  low  specific  gravity  of  the  result- 
ing product.  This  rendered  calcium-chloride  toa  heavy  to  be 
used  as  a  protective  covering.  No  suitable  protective  material 
was  secured  for  these  lighter  alloys. 

Chemical  Properties 

All  of  these  alloys  containing  more  than  5  per  cent  calcium 
decomposed  water.  The  quantity  of  hydrogen  increased  with 
the  increase  in  the  calcium  content  of  the  alloy.  In  dilute  hy- 
drochloric acid  the  evolution  of  hydrogen  was  more  rapid,  and 
with  alloys  containing  silicon,  a  spontaneously  inflammable 
silicon  hydride,  gas  was  liberated. 

The  stability  of  some  of  these  alloys  in  air  was  noteworthy. 
Pieces  of  various  alloys  weighing  about  5  grams  were  placed  on 
an  exposure  board  and  subjected  to  the  atmosphere  of  the  lab- 
oratory.   At  the  end  of  four  weeks  it  was  observed  that  the 
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alloys  which  contained  the  highest  percentages  of  calcium  and 
silicon,  were  disintegrating,  while  those  alloys  of  the  lower  per- 
centages of  calcium  had  become  coated  with  a  layer  of  oxide 
tvhich  prevented  further  oxidation. 

The  time  required  to  melt  and  pour  a  charge  of  about  one 
pound  of  the  alloys  varied  from  five  to  twenty  minutes,  depend- 
ing upon  whether  the  furnace  was  hot  or  cold  when  the  charge 
was  put  in,  and  also  upon  the  calcium  added  as  the  heat  gener- 
ated was  such  as  to  assist  materially  in  securing  the  necessary 
temperature.  From  two  to  five  kilowatt  hours  were  used  for 
heating  purposes. 

r.SE  IN  GOLDSCHMIDT  PROCESS  ' 

Since  so  many  of  the  alloys  of  calcium,  aluminum,  magnesium 
and  silicon  could  be  pulverized  to  any  degree  of  fineness,  and 
since  several  of  these  alloys  could  be  stored  for  considerable 
time  without  serious  deterioration,  it  was  thought  that  these 
might  be  used  as  a  substitute  for  the  aluminum  used  in  the 
Goldschmidt  process.  This  consists  in  the  reduction  of  a  metal- 
lic oxide  by  pulverized  aluminum.  An  excess  of  this  oxide  to 
be  reduced  is  mixed  with  powdered  aluminum  to  prevent  the  for- 
mation of  an  alloy  composed  of  the  reduced  metal  and  the  re- 
ducing agent.  The  charge  is  placed  in  a  suitable  container  and 
ignited  by  a  magnesium  ribbon  fuse. 

The  success  of  the  Goldschmidt  reaction  depends  upon  the 
heat  liberated  during  the  formation  of  alumina.  The  total  heat 
liberated  depends  upon  the  differences  of  the  heats  of  formation 
of  the  metallic  oxides  which  are  to  be  reduced  and  of  the 
alumina  formed  in  the  reaction.  From  this  it  is  evident  that  it 
is  impossible  to  reduce  by  the  Goldschmidt  process  those  oxides 
which  have  a  heat  of  formation  greater  than  alumina,  unless 
heat  is  supplied  from  an  exterior  source. 

The  values  given  by  the  various  experimenters  for  the  heat  of 
formation  of  alumina,  lime  and  magnesia  differ  considerably, 
as  shown  by  the  date  gathered  from  various  sources. 

I.  2  A1+ 3  ()  =  AljOj  -h  380988  calories.     Strauss:    Minet,    Production 

of  AluminuTTi,  page  200. 
2  Al  +  3  O  rr  AlgOa  4-  380200  calories.     Thomsen  (L.  &  B.). 
2  Al  -f  30  =  A1,0,  +  392610  calories.     Richards  (R.  &  M.  I.  6-8). 
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II.  Mg  +  O  =  MgO  +  148000  calories.     Strauss;    Minet.    Production   of 

Aluminum,  page  209 
Mg  -h  O  =  MgO  4-  143:W0  calories.     BeketolT. 
Mg  -h  O  =  MgO  +  143400  calories.     E.  &  M.  I.  6-S. 

111.  Ca  +  O  =  CaO -f-  151900  calories.     Guntz    and    Bessel.     C.  K.   1905, 

Vol.  140,  pages  bm,  804. 

Ca  +  O  =  CaO  -f  131500  calories.     Thomsen  (I..  A:  B.). 

Ca  -4-  O  =  CaO  +  145000  calories.     Moissan. 

Ca  +  O  =  CaO  -f-  131048  calories.  Strauss;  Production  of  Alumi- 
num, page  209. 

-Ca  -I-  O  -  CaO  -h  130900  calories.     Thomson  (L.  A:  B.). 

Guntz  used  pure  calcium  and  formed  pure  compounds  from 
which  he  determined  the  heats  of  solution.  This  necessitated 
several  corrections.  Forcrand  made  pure  CaO  from  Ca  (0H)2 
and  uj^ed  this  product  in  his  determination.  His  value  agrees 
^Ith  that  of  Guntz.  (C.  R.  1908,  Vol.  146,  pages  217  and  220). 
Moissan 's  value  was  determined  from  the  heat  of  combustion  of 
metallic  calcium  and  is  therefore  less  liable  to  error  than  the 
values  determined  by  indirect  methods. 

Fiom  the  above  table  it  v»ill  be  seen  that  the  average  value  for 
the  heat  of  combustion  of  magnesium  is  145000  calories,  of  cal- 
cium 137000  calories  and  of  aluminum  129000  calories;  hence 
from  the  theory  of  the  greatest  heat  evolution,  magnesium  should 
Tcduc:*  lime  and  alumina,  and  calcium  should  reduce  alumina,  but 
not  magnesia.  Aluminum  should  reduce  neither  lime  nor  mag- 
nesia. Hpwever,  Goldschmidt  has  succeeded  in  reducing  lime  by 
aluminum  (^linet.  Production  of  Aluminum,  page  209),  and  Per- 
kin  has  reduced  alumina  by  calcium.  Weston  and  Ellis  (Trans. 
Faraday  Society,  1908)  have  showTi  that  aluminum  powder  will 
reduce*  lime  at  high  temperatures  and  that  the  reaction 
2  Al +  3CaO^^:^HCa  + A1,0,  '    . 

is  reversible.  This  leaves  the  question  of  the  relative  reducing 
powers  of  calcium  and  aluminum  in  doubt.  It  has  been  shown 
conclusively,  however,  that  magnesium-  will  reduce  alumina  and 
lime  vigorously  at  ordinary  temperatures. 

In  view  of  the  relative  reducing  powers  of  these  three  metals 
the  preparation  of  binary  and  ternary  alloys  of  calcium,  magne- 


» Trans.  Faraday  Society,  1908. 
*  Trans.   Faraday   Society,   1908. 
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siuiu  mu\  aluinimiin  was  undertaken  with  the  hope  of  obtaining^ 
1  educing  agents  whieh  would  have  a  higher  heat  of  oxidation  per 
unit  of  (xygen  than  has  ahiminuni,  and  whose  mixed  oxides  would 
loiin  a  slag  more  fiusible  than  alumina.  It  was  also  thought  that 
there  would  be  a  deeided  advantage,  so  far  as  the  fluidity  of  the 
slag  was  eoneerned,  in  having  the  particles  of  the  different  oxides 
])rodi!ced  in  intimate  contact.  This  would  be  the  case  to  a  much 
greater  de.<rnH^  when  the  metals  are  alloyed,  than  when  the  oxides- 
are  formed  from  isolated  particles  of  each  metal  in  a  mechanical 
mixtuie. 

Twenty-thie?  alloys  of  calcium  with  one,  two  or  all  three  ele- 
n?ents.  aluminum,  magnesium  iuid  silicon,  were  prepared.  Their 
compcsition  is  shown  in  the  following  table. 


No.  of 

Alloy. 

Formula. 

1.'uT-  1  ^'«'ci-- 

Mag- 
nesium. 

Silicon. 

1 

75. 

74.5 

45. 

25. 
25.5 
55. 
.30. 

3 

4 

5::::::::i:::. ::::::::::::::: 

70. 
40. 
54.5 
20. 

6 

00. 

7 

8 

CaMir. 

45.5 
30. 
42. 
43.9 
34.8 
15.8 
51.6 
6.4 
10. 
10. 
12.9 
20. 
12.5 
72.8 

50. 

28.4 

29.7 

23.5 

41.4 

17.4 

93.8 

90. 

84. 

67.1 

80. 

80. 

27.2 

60. 

65. 

45. 

60. 

40. 

24  3 

9 

11 

12 

14 

15 

AlCaSi 

29.5 

AlCaMg 

26.3 
41.7 
9.4 
31. 

AlCaM*r, 

AUCaMgSia 

AK5»i_\1tr 

33.8 

16 '...V. 

17 

18 i 



6. 

19 :..'...:::..:::..:::::: 

20 

21 

7.5 

22 

25 

40. 

31 

35. 

32 

1      20. 

35. 

33 

40. 
25. 
54.1 

34 40^  Al  4-  «0  CaSi. 

35. 

35 Al.Ca.Mff 

21.6 

The  percentage  composition  given  in  the  above  table  was  cal- 
culated from  the  amounts  of  the  constituents  originally  weighed 
out,  and  is  subject  to  errors  of  from  2  to  3  per  cent,  as  the  balance- 
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us;»d  was  for  rough  weighing  only,  and  as  there  was  a  variable 
aniDimt  of  calcium  chloride  adhering  to  the  sticks  of  calcium. 
Determinations  of  calcium  in  two  alloys  containing  a  high  percen- 
tage of  this  metal  showed  the  errors  to  be  within  the  limits  men- 
tioned. 

Attempts  were  made  to  reduce  the  compounds  M0O3,  MoSg, 
AVO.,,  SiOo,  Fe30,.  Mn^O^,  TiOo  and  mixtures  of  SiOg  with  MnOj, 
of  TiO.  with  MnOo  and  of  TiO,  with  FegO,.  The  alloys  em- 
ployed in  these  reductions , were  Nos.  8,  11, 14  and  15. 

The  first  experiment  was  an  attempt  to  reduce  M0O3  by  alloy 
No.  8.  The  oxide  was  the  usual  fine  powder  of  commerce  and  the 
alloy  a  mixture  of  all  sizes  that  would  pass  a  twenty-mesh  sieve. 
The  reaction  was  very  rapid,  and  was  accompanied  by  the  pro- 
jection of  m.elted  material,  flame  and  much  smoke.  At  the  end 
of  the  reaction  the  crucible  was  nearly  empty,  and  contained  no- 
inetal.  Thinking  that  the  sudden  expansion  of  air  contained  be- 
tween the  particles  of  the  charge  might  be  responsible  for  much 
of  the  loss  of  material,  the  experiment  was  repeated  in  a  vacuum 
cylinder  constructed  from  a  piece  of  eight-inch  steam  pipe.  Less 
material  was  projected  than  before,  but  the  loss  was  still  great. 
Forty  grams  of  well-fused  molybdenum  were  obtained. . 

Several  other  experiments  were  tried  in  vacuo.  SiOj  was  only 
partially  reduced,  yielding  a  brown  product  resembling  silicon 
monoxide  in  appearance.  A  mixture  of  MnOg  and  SiOa,  reduced 
by  alloy  No.  11  (AlCaMg)  gave  an  excellent  ingot  of  silicon-man- 
ganese, well  separated  from  the  slag.  The  yield  was  only  22  per 
cent,  of  the  theoretical,  probably  due  to  the  large  amount  of  ma- 
terial projected  from  the  crucible.  In  order  to  reduce  the  ve- 
locity of  reaction,  pulverized  fluor  spar  and  lime  were  added  to 
several  charges,  with  a  slight  improvement  in  the  yield  of  metal. 
After  eight  trials  in  the  vacuum  cylinder,  experiments  under  at- 
mospheric pressure  were  resumed. 

Reduction  of  a  mixture  of  MnOg  and  TiOj  by  No.  15 
(AlCa^ga),  in  pieces  one-fourth  to  one-eighth  of  an  inch  in 
length,  was  violent,  with  much  flame  and  smoke,  and  the  projec- 
tion of  some  slag.  Only  a  few  globules  of  metal  were  obtained. 
Other  reactions  were  tried  with  quite  similar  results.     The  only 
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alloy  that  gave  quiet  reactions  was  Xo.  14  (Al^CaMgSio).  This 
acted  iniieh  like  aluminum  itself. 

To  control  the  violence  of  the  reaction  the  charges  were  fireil 
in  a  closed  ste^4  cylinder  designed  to  witlistand  a  pressure  of 
lO.OOO  pounds  per  sf[uare  inch.  A  lining  of  magnasia  was  placed 
within  the  cylinder  and  the  remaining  space  was  completely  filled 
with  the  charge  which  was  ignited  hy  means  of  an  aluminum  fuse 
wire.  With  this  apparatus  several  difficult  reductions  were  car- 
ried out.  ^lixturcs  of  the  alloys  with  molybdenite  in  theoretical 
proportions  failed  to  react,  but  on  adding  a  large  excess  of  the  al- 
loy and  enoucrh  calcium  peroxide  to  oxidize  it,  an  ingot  of  well 
fused  metal  was  obtained. 

The  most  difficult  reduction  carried  out  in  the  closed  steel 
cylinder  was  that  of  rutile.  By  means  of  the  calcium  peroxide 
n:eth(  <l"  mentioned  above,  a  single  button  weighing  fifteen  grams 
and  several  smaller  globules  of  metal  were  secured.  The  metal 
obtained  was  hard  but  not  sufficiently  so  to  scratch  glass.  It  was 
not  in  the  least  malleable  and  was  broken  by  severe  pounding 
with  a  hammer.  In  appearance  it  resembled  freshly  broken 
Goldschmidt  manganese. 

Several  attempts  to  produce  fused  tungsten  by  the  reduction 
of  WO3  with  different  alloys  failed.  Since  the  heat  of  reaction 
was  not  sufficient  to  produce  this  result,  an  attempt  was  made  to 
pre-heat  the  charge  in  order  to  secure  the  desired  temperature. 
For  this  purpose  the  charge  containing  WO3  and  the  alloy  in  the 
necessary  proportions  was  placed  in  a  ma^esia  crucible  four 
inches  in  diameter  and  six  inch(»s  in  depth.  This  crucible 
containing  the  charge  was  imbedded  in  a  layer  of  thermit 
(2  Al  +  FcoO^j)  threi*  inches  in  thickness  which  in  turn  was  sur- 
rounded by  a  layer  of  magnesia  one  inch  in  thickness.  The  mag- 
nesia and  the  Fe^Os  ^vere  dried  at  400° C  in  order  to  remove  mois- 
ture. The  thermit  was  ignited  by  a  magnesium  ribbon,  and  when 
the  heat  produced  by  this  reaction  was  sufficiently  great  it  ignited 
the  charge  in  the  magnesia  crucible.  The  resulting  temperature 
within  the  magnesia  crucible  was  much  higher,  but  was  not  suf- 
ficiently high  to  produce  fused  metal.     An  attempt  to  increase 


*  BuU.  of  Univ.  of  Wisconsin,  No.   145,  pagre  313. 
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the  temperature  prwlueed  in  this  reaction  by  pre-heating  the 
thermit  failed  to  produce  the  desired  temperature. 

The  following  table  gives  a  list  of  the  more  difficult  reductions 
carried  out  by  means  of  these  alloys : 


Compound. 


MnC),  . 
MnO,  . 
MoS,  . 
W(>3.. 
SiO,  . . 
Mn,03 
MnsO, 
Fe.O,. 
Fe,i\. 
TiO,... 


Reducer. 


15 
15 
15 
11 

n 

14 

m 
m 
:J2 


Result. 


58  grams  fused  metal.. 

58  grams  fused  metal.. 
31  grams  fused  metal.. 
Finely  divided  metal  . . 
Amorphous  silicon 

59  grams  fused  metal.. 
HI  grams  fused  metal.. 
143  grams  fused  metal. 
143  grams  fused  metal. 
50 grams  fused  metal.. 


Yield. 


46.7 
47.2 
32.0 


47.2 
21. 

78.1 

77. 


The  cause  of  the  \iolent  nature  of  the  reactions  with  these  al- 
loys, whether  carried  out  in  vacuo  or  in  air,  w^hether  the  reducing 
agents  were  coarsely  or  finely  pulverized,  was  puzzling.  The  fol- 
lowing explanaticn  is  offered :  When  all  the  products  of  a  reaction 
are  non-volatile,  and  w^hen  no  gases  are  present,  it  would  seem 
that  mere  rapidity  of  reaction  would  not  account  for  the  ejection 
of  one-half  the  charge  from  the  crucible.  If  the  cause  does  not 
lie  in  the  volatile  nature  of  the  products  formed  it  must  be  sought 
in  the  orinrinal  charge.  Thir.  r>:cr^«ive  violence  is  due  to  the  pres- 
enc?  of  metallic  calcium.  This  metal  boils  between  1290°-1300°  * 
and  the  expulsion  of  the  material  is  no  doubt  due  to  this  particu- 
lar physical  characteristic  of  the  metal  in  question. 

An  attempt  was  made  to  avoid  the  vaporization  of  calcium. 
Since  '^alcium  silicide  is  a  product  formed  at  high  temperatures 
it  should  be  stable  at  the  temperatures  reached  in  these  reduc- 
tions. Therefore,  it  should  follow  that  if  the  calcium  and  silicon 
are  added  in  the  proportion  to  form  calcium  silicide,  none  of  the 
calcium  should  be  volatilized  until  the  silicide  is  decomposed 
through  the  agency'  of  oxidation.  When  the  silicide  is  thus  de- 
composed it  is  e\ident  that  the  calcium  would  be  oxidized  to  lime 
without  vaporization. 


*  Trans.  A.  E.  S.,  Vol.  XIII.  p.  149. 
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Two  alloys  containing  calcium  and  silicon  in  the  proportions 
to  form  calcium  silicide  were  made  to  test  this  theory.  When 
Fc.Oj  is  1  educed  with  either  of  these  alloys  the  reaction  is  gentle 
No  material  is  j)rojected  from  the  crucible.  The  presence  of  the 
silicon  in  the.se  alloys,  whether  combined  or  free,  ^vould  greatly 
leduct'  the  temperature  obtained.  It  is  possible,  however,  that 
the  decrease  in  violence  is  due  to  a  reduction  of  temperature,  yet 
the  ^act  that  the  temperature  is  high  enough  to  make  the  iron 
sufficiently  fluid  shows  that  there  is  little,  if  any,  reduction  of 
iemperature. 
Conclusions. 

( 1 )  The  alloys  of  this  series  containing  up  to  seventy-five  per 

cent  calcium  can  be  prepared  without  much  difficulty. 

(2)  Alloys  containing  twenty-five  per  cent  or  more  of  calcium 

or  magnesium  can  be  pulverized. 
(8)   Violence  of  reaction  is  due  to  the  calcium  content  of  these 
alloys. 

CALCU\Ar-ZINC  ALLOYS 

A  study  of  the  alloys  of  calcium  and  zinc  was  next  undertaken. 
A  review  of  the  literature  shows  that  several  members  of  this 
series  have  been  made.  The  general  method  employed  was  that 
used  by  Caron  "  and  Tarugi.'  This  consisted  in  heating  calciiun 
chloride  with  metallic  sodium  in  the  presence  of  metallic  zinc. 
Donski  ^  has  succeeded  in  making  sev^eral  of  the  alloys  of  this 
series  by  heating  the  two  metals  together  in  evacuated  tubes  or  in 
neutral  gases. 

The  alloys  of  this  investigation  were  made  by  adding  the  metal- 
lic calcium  to  a  bath  of  molten  zinc,  which  has  been  heated  in  a 
graphite  crucible.  Several  attempts  to  add  metallic  calcium  to 
the  molten  zinc  resulted  in  the  loss  of  a  considerable  portion  of 
the  charge,  owing  to  the  violence  of  the  resulting  reaction.  This 
loss  of  material  was  avoided  by  adding  the  calcium  to  the  zinc 
as  soon  as  the  latter  was  melted.    With  this  method  of  work  the 


»LlebIg's  Ann.  Vol.  115,  355. 
•Bun.   Soc.  Chlmie.     Vol.  24,   250. 
^Zelt.  f.  Anorgr.   Chem.     Vol.   57,   186. 
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two  metals  were  heated  in  contact  so  that  the  alloy  could  be 
formed  at  a  lower  temperature  and  thus  the  violence  of  the  re- 
action could  be  greatly  reduced. 

PkOPERTIES 

The  hardness  of  this  series  of  alloys  increased  up  to  6  per  cent 
calcium.  Beyond  this  percentao^e  the  alloys  increased  in  brittle- 
ness  to  such  an  extent  that  several  fell  to  pieces  before  they  were 
removed  from  the  mould.  Several  attempts  to  form  solid  bars 
of  alloj^s  containing  12  per  cent  to  14  per  cent  failed.  Beyond 
this  point,  although  the  alloys  were  brittle,  they  could  be  formed 
into  bars  without  nuich  trouble. 

Several  of  this  series  of  alloys  were  stable  in  air.  Those  al- 
loys which  contained  less  than  10  per  cent  calcium  did  not  oxidize 
to  any  appreciable  extent  upon  being  expased  to  the  atmosphere 
of  the  laboratory  for  two  weeks.  Beyond  this  point  the  rate  of 
oxidation  increased  to  such  an  extent  that  the  alloy  containing 
22  per  cent  calcium  disintegrated  in  a  few  days.  Between  22 
and  85  per  cent  calcium  the  stability  of  the  alloys  increased  so 
that  those  containing  from  28  to  35  per  cent  were  equally  stable 
with  those  containing  from  12  to  14.  Beyond  4Q  per  cent  the  dis- 
integration was  quite  rapid. 

The  color  and  fracture  of  the  alloys  belonging  to  this  series 
changed  gradually  from  those  characteristic  of  zinc  to  those  char- 
acteristic of  calcium.  The  combinations  containing  the  smaller 
percentages  of  calcium  lost  the  characteristic  crystalline  structure 
of  zinc  and  assumed  a  very  smooth  even  structure  instead.  No 
trace  of  the  typical  zinc  crystallization  was  in  evidence.  A 
change  of  color  accompanied  this  change  in  crystalline  formation. 
The  alloys  containing  from  3  to  8  per  cent  calcium  were  silver- 
white  metals  which  did  not  tarnish  even  after  six  months'  ex- 
posure to  the  atmosphere  of  the  laboratory.  Beyond  8  per  cent 
the  alloys  slowly  assumed  a  yellowish  tinge  which  changed  into 
black  as  the  higher  percentages  of  calcium  were  reached. 

Use  in  Galvanizing  Process 

Since  the  alloys  containing  the  lower  percentages  of  calcium 
possessed  a  silver-white  color  w^hich  is  not  modified  on  exposure 
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lo  air  it  was  thought  that  these  might  be  used  in  the  galvanizing 
prm-ess. 

A  vseries  of  tests  was  made  using  alloys  containing  0.5.  1.0, 1.25. 
1.5,  2.0.  3.4,  5.0  percentages  of  calcium.  The  method  employed 
was  as  follows:  Pieces  of  sheet  iron  were  cleaned  and  dipped  in 
a  bath  of  molten  zinc,  protected  from  the  air  by  a  mixture  of  zinc 
chloride  ajid  ammonium  chloride.  These  pieces  were  immersed 
for  different  periods  and  the  physical  characteristic  of  the  coat- 
ing noted.     Tlicse  were  used  as  standards. 

Each  of  the  above  series  of  alloys  was  used  in  place  of  the  zinc. 
A  difficulty  arose  from  the  fact  that  the  calcium  of  the  alloy 
gradually  replaced  the  zinc  of  the  zinc  chloride  forming  calcium 
chloride  which  was  pasty  at  the  temperature  of  the  bath.  This 
interfered  with  the  mechanical  part  of  the  process  to  such  an  ex- 
tent that  the  covering  had  to  be  dispensed  with.  No  suitable 
covering  was  found. 

ReSI  LTS 

The  coatings  made  by  the  alloys  may  be  characterized  as  fol- 
lows : — 

(1)  No  traces  of  zinc  crystallization  appeared. 

(2)  The  alloys  pro<luced  a  white  silvery  surface  which  re- 

mained unchanged  upon  exposure  to  air  for  several 
months. 

(3)  The  coatings  pro<^luced  by  the  alloys  were  not  so  smooth 

and  uniform  as  those  produced  by  zinc  alone. 

(4)  The  coatings  were  eiiually   adhesive  with  those  of  zinc 

when  the  deposit  is  in  a  very  thin  layer.  When  the 
coating  is  heavy  the  alloy  becomes  brittle  and  is  easily 
lemcved  by  bending  the  plate. 

(5)  The  brittleness  of  the  coating  is  dependent  upon  the  cal- 

cium content  of  the  alloy. 

CoNSTiTrTiox  OF  Alloys 

Since  both  the  calcium-aluminum  and  the  calcium-zinc  series 
of  alloys  presented  marked  variations  in  the  physical  and  chem- 
ical behavior  of  its  individual  members,  it  was  deemed  advisable 
to  investigate  the  constitution  of  the  alloys  composing  these  series. 
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IModern  research  has  shown  that  combinations  of  metals  may- 
take  the  form  of  simple  mixtures,  solid  solutions  or  chemical  com- 
pounds. In  case  of  the  two  former  it  must  be  expected  that  the 
physical  properties  of  the  alloy  in  question  must  result  from  a 
blending  of  the  properties  of  the  original  metals.  With  the  com- 
pounds, on  the  other  hand,  the  union  of  these  metals  in  atomic 
proportions  may  result  in  a  substance  with  properties  entirely 
at  variance  with  those  of  the  original  constituents. 

The  marked  variations,  above  mentioned,  in  the  calcium-alumi- 
num and  the  calcium-zinc  series  must  be  due,  therefore,  to  the 
formation  of  combinations  of  definite  proportions. 

Several  methods  are  adapted  to  the  study  of  the  nature  ana 
constitution  of  alloys.  Roberts- Austen  ^  has  classified  them  un- 
der the  two  following  heads : — 

(1)   The  chemical  grouping  of  the  metals  in  a  solid  alloy. 

(2     The  separation  of  the  constituents  during  solidification. 

The  fii-st  group  includes  the  following  special  methods: — 

(a)  The  specific  gravity  of  alloys. 

(b)  The  electrical  resistance  of  alloys. 

(c)  The  diffasion  of  metals  in  alloys. 

(d)  Electrolytic  conduction. 

(e)  The  heat  of  combination  of  metals  to  form  alloys. 

(f)  The  electromotive  force  of  alloys. 

(g)  ^Microscopic  examination  of  alloys. 

The  second  group  deals  with  those  methods  involving  a  study 
of  the  separation  of  the  constituents  of  an  alloy  on  solidification 
and  includes: — 

(a)  Measurement  of  the  fall  of  temperature  during  solidifica- 

tion by  means  of  a  pyrometer. 

(b)  Mechanical  separation  of  constituents  of  an  alloy  by  heat- 

ing to  definite  temperatures  and  pressing  out  liquid  por- 
tion. 


•Alloys.  Law.     Page  39. 
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^Ietiiods  op  Investigation 

In  this  particular  investigation  an  attempt  was  made  to  locate 
the  compounds  formed  by  the  following  methods: — 

(1)  Measurements  of  single  potentials  in  non-aqueous  solu- 

tions. 

(2)  Measurement  of  electrical  conductivity. 

(3)  Microscopic  examination. 

The  measurement  of  single  potential  was  introduced  by  Lau- 
rie *  and  has  given  valuable  results.  Puschin  ^^  has  employed 
this  method  with  a  number  of  alloys  and  finds  that  the  compounds 
located  in  this  way  agree  exactly  with  the  compounds  located  by 
means  of  cooling  curves.  Laurie  and  Puschin  have  found  that 
a  sharp  depression  in  a  single  potential  curve  indicates  the  pres- 
ence of  a  compound  at  that  point. 

These  conclusions  are  in  agreement  with  Toutourine  ^^  whose 
work  goes  to  prove  that : — 

(a)  The  single  potential  is  a  function  of  the  composition  of  an 

alloy. 

(b)  Depressions  in  curve  indicate  compounds. 

(c)  The  initial  and  terminal  point  of  each  line  is  determined 

by  the  single  potential  of  the  phases  forming  the  series. 

(d)  Solid  solutions  do  not  affect  the  series. 

The  study  of  the  electrical  conductivity  of  alloys  began  with 
the  work  of  Matthiessen  in  1860.  He  showed  that  the  conduc- 
tivity curve  was  similar  to  the  cooling  curve  of  the  same  alloy. 
Le  Chatelier  ^^  and  Ray  lei  gh  "  have  shown  independently  that 
the  temperature  factor  for  the  conductivity  of  alloys  is  entirely 
independent  of  the  temperature  factor  of  pure  metals.  Kuma- 
kow  and  ^emczuznyj  ^*  have  shown  that  solid  solutions  lower  the 
conductivity  and  that  the  curve  formed  by  such  solutions  is  con- 
tinuous and  has  a  minimum  value.     Guertler  "  has  sho\m  that 


•Chem.   Soc.  Journal.     Vol.   53    (1888)    105. 
"Zeit.  f.  Anorg.  Chem.     Vol.  56,  1. 
"  Soc.    Chimique    France.     1908. 

"Compt.    Rendu.     Vol.    Ill,    454.     Vol.    119-126,    1709. 
"Nature,  Vol.  54-154. 

"Ber.   St.   Petersb.   Polyt.   Inst.     Vol.    6-559. 
"Zelt.   f.   Anorg.   Chem-      Vol.    52-413. 
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it  is  possible  to  establish  the  exact  relationship  between  the  con- 
ductivity curve  and  the  compounds  formed  in  a  series  of  alloys. 
He  shows  that  Liebenow's^"  conclusion  concerning  the  locations 
of  compounds  by  means  of  sharp  upward  projections  in  the  con- 
ductivity curve  is  not  entirely  true,  for  in  many  cases  a  com- 
pound occurs  when  there  is  but  a  slight  elevation  or  perhaps  a 
slight  depression.  Guertler  concludes  that  the  absence  of  an  ele- 
vation does  not  necessarily  indicate  the  absence  of  a  compound 
but  the  presence  of  such  an  elevation  is  absolute  evidence  of  the 
presence  of  a  compound. 

The  evidence  afforded  by  the  microscope  in  the  study  of  the 
composition  of  metals  and  alloys  has  been  of  much  value.  The 
systematic  study  of  metals  as  revealed  by  the  microscope  was  first 
undertaken  by  Dr.  Sorby  *^  of  Sheffield,  who  was  studying  the 
structure  of  meteoric  irons.  In  1865  his  paper  entitled  On  the 
Microscopic  Structure  of  Meteorites  and  Meteoric  Iron  was  pub- 
lished by  the  Royal  Society.  Nothing  further  appears  to  have 
been  done  until  Professor  Martens***  published  in  1878. the  re- 
sults of  the  researches  which  he  carried  on  independently.  The 
importance  of  the  study  of  the  micro-structure  of  metals  and  al- 
loys was  soon  recognized,  and  the  work  of  Dr.  Sorby  and  Pro- 
fessor ]\Iartens  has  been  taken  up  and  greatly  extended  in  recent 
years. 

The  preparation  of  the  alloys  for  single  potential  and  conduc- 
tivity measurement  in  this  investigation  was  as.  follows:  The 
calcium  was  added  to  the  fused  metal  with  which  it  was  to  be  al- 
loyed as  soon  as  the  latter  was  liquid.  This  allowed  the  two 
metals  to  be  heated  in  contact  so  that  the  resulting  alloy  formed 
at  the  lowest  passible  temperature.  After  the  required  amount 
of  calcium  had  been  added  the  molten  metal  was  stirred  vigor- 
ously so  as  to  render  the  product  as  uniform  as  possible.  The 
molten  metal  was  poured  as  cpiickly  as  possible  into  an  iron  mould 
which  had  been  heated  to  ,a  temperature  just  below  the  freezing 
point  of  the  alloy.  This  produced  a  chilling  effect  sufficiently 
great  to  prevent  the  segregation  of  the  metals  forming  the  alloy. 


"Zeit.   f.   Anorpr.   Cheniie.     Vol.   60-209. 
"Br.   Assoc.   Reports.^  Part   II,   1864-189. 
18  Engineering,  Vol.  28-88. 
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The  amoiuit  of  metal  poured  in  each  case  was  siifiieient  to  fill  the 
entire  mould  as  well  as  the  entrance  chamber  above  the  mould. 
This  enabled  the  alloy  to  pass  from  the  temperature  of  the  molten 
metal  to  a  point  considerably  below  its  solidification  temperature 
in  the  absence  of  air. 

During  the  pn)gress  of  these  experiments  it  was  found  advan- 
tageous to  hold  the  temperature  of  the  alloy  constant  for  some 
time  after  pouring.     The  mould  was  then  cooled  slowly. 

FiLsed  calcium  chloride  was  used  as  a  covering  for  these  alloys 
during  the  process  of  melting. 

Single  Potential  ^Measkrement 

Several  difficulties  were  encountered  in  the  attempt  to  measure 
the  single  potential  of  these  combinations.  It  was  necessary  to 
ase  a  non -aqueous  electrolyte  ofl  account  of  the  calcium  content 
of  these  alloys.  After  considerable  experimentiil  work  with  va- 
rious non-aciueous  electrolytes  a  solution  of  calcium  chloride  in 
ethyl  alcohol  was  selected  for  this  work. 

The  ethyl  alcohol  was  allowed  to  stand  over  freshly  ignited 
lime  for  five  days.  This  mixture  was  shaken  from  time  to  time. 
The  alcohol  was  distilled  from  the  lime  in  a  moisture  free  ap- 
paratus, after  which  it  was  treated  with  a  fresh  supply  of  lime 
and  allowed  to  stand  for  some  time.  This  process  was  relocated 
twice.  The  alcohol  was  then  treated  with  anhydrous  copper  sul- 
phate and  allowed  to  stand  for  five  days,  during  which  time  the 
mixture  was  shaken  from  time  to  time.  The  alcohol  was  distilled 
off.  using  the  same  precautions  as  before.  After  two  treatments 
with  anhydrous  copper  sulphate  the  material  showed  no  evidence 
of  the  presence  of  water  when  placed  upon  the  anhydrous  sul- 
phate, even  after  an  interv^al  of  ten  days. 

In  each  distillation  the  first  twenty-five  cubic  centimeters  of  the 
distillate  were  rejected. 

A  twelfth-normal  soluticm  of  calcium  chloride  was  prepared. 
Kahlbaum's  anhydrous  calcium  chloride  was  used.  This  had 
been  heated  for  eighteen  hours  at  12()°C.  A  fine  white  precipi- 
tate remained  in  suspension  in  this  solution.  This  stock  solution 
was  kept  in  a  glass-stoppered  bottle. 

Considerable  difficulty  was  encountered  in  an  attempt  to  pre- 

[386] 


Digiti 


ized  by  Google 


BRKiKKNKinOK— SOMP:    ALLOYS    OF    CALCIUM  21 

vent  the  diffusion  of  the  a(|ueoiis  solution  of  the  normal  calomel 
electrode  and  the  non-aqueous  solution  in  which  the  single  poten- 
tial of  the  alloy  was  to  be  measured.  The  ordinary'  connection 
of  the  normal  calomel  electrode  was  worthless.  A  modification 
of  this  worked  very  well. 

Pieces  of  glass  tubing  were  heated  and  pulled  so  as  to  form  a 
narrow  constriction  in  the  tube.  These  were  packed  on  either 
side  with  finely  macerated  filter  paper  moistened  with  water. 
The  constriction  served  to  hold  the  plugs  in  place.  These  tubes 
were  dried  in  an  oven  and  the  macerated  filter  paper  was  pressed 
firmly  together.  The  filter  paper  plugs  were  three-quarters  of 
an  inch  in  length.  These  glass  tubes  containing  the  plugs  were 
sealed  to  the  tubes  leading  to  the  normal  calomel  electrode  and 
to  the  half  cells  in  which  the  single  potentials  of  the  alloys  were 
to  be  measured.  These  tubes  served  as  the  connections  with  the 
intermediate  vessel.  That  the  diffusion  was  reduced  to  a  mini- 
mum is  shown  by  the  fact  that  when  the  electrolyte  was  placed 
in  the  half  cell  and  the  alloy  placed  in  contact  with  the  solution, 
it  was  necessary  to  add  more  electrolyte  in  order  to  make  a  read- 
ing only  after  the  lapse  of  several  hours. 

The  half  cells  were  dried  for  several  hours  at  115°C  and  al- 
lowed to  cool  in  a  desiccator  containing  sticks  of  sodium  hydrox- 
ide. The  electrolyte  was  poured  in  and  the  alloy  placed  in  con- 
tact with  the  ^solution.  The  half  cell  was  stoppered  with  a  rub- 
ber stopper.  Rubber  stoppers  were  used  in  all  cases.  The  half 
cells  were  kept  in  desiccators  when  not  being  actually  measured. 

The  alloy  whose  single  potential  was  to  be  measured,  was  thor- 
oughly cleaned  and  its  surface  polished  so  as  to  remove  the 
scratches  visible  to  the  naked  eye.  Electrical  contact  with  the 
alloy  was  made  by  means  of  a  fine  copper  wire.  The  junction  of 
the  wire  and  the  alloy  and  that  portion  of  the  wire  within  the 
half  cell  was  covered  with  a  heavy  layer  of  wax  ]to  prevent  the 
formation  of  a  couple  in  case  the  electrolyte  should  come  in  con- 
tact with  the  wire  and  the  alloy. 

The  intermediate  vessel  was  closed  with  a  two-hole  rubber 
stopper  so  that  the  anns  from  the  normal  calomel  .electrode  and 
the  half  cell  could  be  inserted  without  lass  of  time,  when  a  single 
potential  measurement  was  to  be  made.     AVheu  not  in  use,  this 
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vessel  was  kept  closely  stoppered  so  as  to  prevent  the  entrance 
of  moisture.  An  alcoholic  solution  of  calcium  chloride  was  used 
as  the  intermediate  solution  between  the  calomel  electrode  and 
the  half  cell.  After  each  measurement  the  contents  of  the  in- 
termediate vessel  were  thrown  away  and  a  new  supply  used  for 
the  next  measurement.  This  arrangement  reduced  the  amount 
of  moisture  present  to  a  minimum. 

The  single  potentials  were  measured  by  means  of  a  direct 
reading  Leeds  and  Northrup  potentiometer.  This  enabled  in- 
dividual readings  to  be  made  in  less  than  one  minute.  A  D'Ars" 
sonval  galvanometer  was  used  as  a  zero  instrument. 

The  electromotive  force  varied  considerably  at  first.  ]Meas- 
urenients  were  repeated  every  thirty  minutes  at  the  beginning 
of  the  work.  As  the  amount  of  variation  decreased  the  interval 
between  the  readings  was  increased.  In  some  cases  fortj^-eight 
hours  were  required  to  obtain  constant  readings. 

^leasurements  were  made  at  room  temperatures. 

A  series  of  zinc-calcium  and  aluminum-calcium  alloys  were 
made.  These  were  analyzed  and  the  single  potential  cur\'e 
plotted  on  the  basis  of  analyzed  percentages.  Table  /  contains 
data  for  the  calcium-zinc  series  and  Table  II  for  the  calcium- 
aluminum  series. 
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TABLE  I. 


E.  M.  F. 

Time  in  Hours. 

%  Calcium. 

Single  Potential. 

.9502 

10 

.7 

.3972 

.9421 

10 

1.3 

.3821 

.8930 

10 

1.7 

.3330 

.9000 

9 

2.0 

.3400 

.9060 

9 

2.8 

.3460 

.8580 

8 

5.6 

.2980 

.9050 

6 

6.0 

.4050 

.9730 

3 

8.2 

.4150 

.9<J75 

9 

9.6 

.4075 

.9641 

7 

11.9 

.4041 

1.0350 

4 

14.1 

.4750 

1.0430 

9 

15.3 

.4830 

1.0530 

8 

16.1 

.4930 

1.0.5H0 

10 

18.2 

.4980 

1.0640 

10 

24.2 

.5040 

1.0510 

10 

26.2 

.4910 

1.0580 

10 

27.3 

.4980 

I.IOCKS 

19 

28.9 

.6008 

1.1840 

4 

31.5 

.6240 

1.0580 

14 

32.0 

.4980 

1.2820 

40 

32.3 

.7220 

1.2720 

29 

33.2 

.7120 

1.2940 

24 

40.3 

.7340 

1.3480 

14 

56.3 

.7880 

1.3700 

24 

66.5 

.8100 

1.3790 

12 

70.6 

.8190 

1.5050 

15 

73.2 

.9450 

[389] 


Digiti 


ized  by  Google 


24  BULLETIN    OF    THE    UNIVERSITY    OF    WISCONSIN 

TABLE  II. 


E  M.  F. 

Time  in  Hours. 

%  Calcium 

Single  Potential. 

.6550 

24 

Al. 

.0950 

.7203 

36 

3.07 

.1603 

.7300 

48 

6.0 

.1700 

.9108 

24 

11.5 

.3508 

.9300 

28 

12.7 

.3700 

.9480 

22 

19.4 

.3880 

.0 

4 

23.9 

.4690 

^.^53 

8 

25.0 

.4650 

X  320 

4 

26.9 

.4720 

A -0450 

9 

27.0 

.4850 

^•0270 

8 

28.5 

.4670 

.•0400 

7 

31.2 

.4800 

.•0410 

4 

32.8 

.4810 

.•4720 

10 

34.3 

.9120 

•4700 

12 

37.7 

.9100 

•4810 

16 

50.3 

.9210 

•5-280 

20 

60.0 

.0280 

•5220 

21 

70.5 

.9620 

•5410 

12 

75.0 

.9810 

^  5400 

21 

78.8 

.asoo 

.6240 

15 

80.2 

1.0640 

Conductivity  Measurements 

The  method  employed  in  making  the  conductivity  measure- 
ments Ava.s  as  follows:  Each  bar  of  the  individual  members  of 
the  series  wjis  supported  upon  two  knife  edges  which  were  con- 
nected to  a  direct  reading  Leeds  and  Northrup  potentiometer. 
In  this  way  the  same  length  of  bar  was  measured  in  each  case. 
Several  measurements  of  the  diameter  of  each  bar  were  made 
and  the  average  was  used  in  the  computations.  As  there  was 
some  variation  in  the  final  conductivity  values  of  the  bars  of 
each  of  the  different  percentiiges  the  average  value  was  t^ken. 
A  direct  current  of  from  ten  to  fifty  amperes  was  passed  through 
the  bars.  The  ammeter  and  potentiometer  readings  were  taken 
sinuiltaneously.  Contact  with  the  bars  was  made  by  means  of 
two  heavy  brass  springs  which  held  the  bars  firmly  upon  the 
knife  edges. 

^leasurements  were  made  at  room  temperatures. 

Table  ///  gives  the  data  obtained  in  the  measurement  of  the 
conductivity  of  the  alloys  of  the  calcium-aluminum  series. 
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T.ABLK 

iir. 

%  Calcium. 

Diamelnr 
in  Cm. 

Amperes. 

Milli- 
vulls. 

Microhms 
per  Cm*. 

Specific 
conduc- 
tivity. 

3.07 

.819 

:i7.50 

.8 

15.8 

63291 

6.00 

.S2i 

:{2.:5 

.9 

20.2 

49505 

.812 
.822 

31.75 
2S.75 

1.25 
1.50 

27.1 
38.4 

36900 

12.5 

26042 

19.4 

.821) 

25).  25 

2.0 

49.5 

20202 

23.9 

.8:;.) 

32.25 

4.5 

99.5 

10050 

25.0 

.8:i() 

2S.25 

4.5 

113.4 

8848 

28.5 

.842 

10.75 

1.8 

117.0 

8547 

31.3 

.8)5 

11.50 

2.0 

118.0 

8474 

32.8 

.S87 

26.00 

4.6 

112.0 

8928 

37.7 

.800 

10.00 

3.1 

110.0 

9091 

50.0 

.8<)i 

20.0 

4.2 

141.0 

7093 

60.0 

.847 

2S.50 

7.0 

171.0 

5848 

75.0 

.850 

6.25 

1.7 

189.0 

5298 

78.8 

.8:a 

0.5 

1  '■" 

!       112.0 

8928 

The  lenpjth  cf  bar  liieasurcd  in  each  eas:»  was  2.56  eeiiti meters. 

Five  bleaks  oceiir  in  the  sini>:le  potential  curve  for  the  cal- 
ciiim-zinc  series.  TljMe  appear  at  the  following  percentiiges  of 
calcium;  5.6  per  cent,  between  11.9  and  14  per  cent,  29  per  cent, 
l)etween  ^^2.5  and  .'i'^5  per  cent,  and  at  71  per  cent.  These 
breaks  would  co!ie;prnd  to  combinations  of  the  following?  form- 
ulae: CaZn,o»  CaZn^,  Ca.Zn.,,  Ca_>Znx  and  Ca^Zn. 

A  peculiarity  of  this  s-^iies  wa-;  ob';eived  during?  the  measure- 
ments of  single  potentials  of  the  alloys  containing  between  29 
and  31  per  cent  calcium.  Several  combinations  corresponding 
in  composition  to  these  alloys  were  m"de.  Their  single  potentials 
varied,  some  having  a  value  of  0.41)  volts,  while  others  had  a 
value  of  0.61  volts.  The  calicum  content  of  thesi*  alloys  differed 
in  some  case^  by  less  than  0.5  ])er  cent.  This  would  tend  to 
show  that  there  were  two  combinations  present.  Tamman  and 
Donski^^  have  located  two  polymorphic  forms  between  these  two 
limits. 

In  the  single  potential  cuive  for  the  calcium-aluminum  series 
a  marked  increase  in  value  occurs  between  38  and  34  per  cent 


lo^eit.  f.  Anorg.  Chem  .     Vol.  57-191. 
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calcium.  Several  unsuccessful  attempts  were  made  to  get  ait 
alloy  whose  cahdum  content  would  lie  between  these  limits. 
This  would  define  the  composition  of  the  alloy  more  exactly. 
This  particular  percentage  of  calciimi  corresponds  to  the  com- 
pound AlaCa,  which  is  in  agreement  with  the  work  of  Don- 
ski.-"* 

The  conductivity  curve  for  this  series  shows  a  maximum  valu:^ 
I)ctw(cn  82.8  and  87.7  per  cent  calcium,  which  indicates  the 
jMcstnce  of  the  compound  Al^Ca. 

^liCRoscopic  Study 

The  preparation  of  these  alloys  for  micrographic  study  gave 
srane  trouble.  In  the  calcium-zinc  series  the  alloys  over  a  con- 
siderable range  are  soft  and  brittle.  After  some  experimental 
work  it  was  (;bserved  that  if  a  small  quantity  of  rouge  moistened 
with  paraffin  was  nibbed  on  the  surface  of  canvas,  this  would 
ser\'e  very  well  for  the  ro\igher  polishing.  For  the  final  prepa- 
laticn  (f  the  specimen,  a  piece  of  very  soft  cloth  was  used.  In 
many  cHses  this  produced  a  .surface  which  revealed  the  structure 
without  etching.  AVhenever  an  etching  agent  was  necessary' 
very  dilute  hydrochloric  or  nitric  acid  was  used.  In  some  cases 
oxidati(.n  tinting  .served  very   well. 

The  microscopic  study  of  the  structure  of  the  calciiun-alumi- 
num  s:»ries  furnished  evidence  in  agreement  with  the  facts  ob- 
served in  the  study  of  the  conductivity  and  the  single  potentials. 
Alloys  containing  28.5  and  32.8  per  cent  calcium  presented  a 
mass  of  polygonal  crystals  interspersed  with  a  decreasing  mass 
(1  eutet'tic.  Beyond  84.7  per  cent  calcium  the  microscope  re- 
vealed the  same  ground  mass  in  which  a  new  form  of  eutectie 
appeared.  All  these  alloys  were  brittle  and  as  a  result  it  was 
impossible  to  secure  suitable  micrographs. 

In  the  study  of  the  zinc-calcium  series  the  microscope  re- 
vealed the  presence  of  definite  compounds.  Figure  4  shows 
the  homogeneous  structure  of  the  compound  CaZn,^^.  Figure  5 
shows  the  ground  mass  of  Figure  4  in  which  an  increased 
amount   of   eutectie   has  crv^stallized.     Figure  6   shows  a  new 


20  Zeit.  f.  Anorg.  Chem.   Vol.  57-201. 
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cr\'stalline  structure  which  is  distinctly  different  from  Figure 
7.  Figure  8  and  Figure  9  present  the  homogeneous  struc- 
ture of  the  alloys  represented  by  the  formulae  CaZug  and 
CaoZnx. 

^Micrographs  were  made  at  a  uniform  magnification. 


CONCLUSIONS 

(1)  The  breaks  in  the  single  potential  and  conductivity  curves 
for  the  calcium-aluminum  series  correspond  to  the  composition 
of  the  compound  AUCa. 

(2)  The  breaks  in  single  potential  curve  for  the  calcium-zinc 
series  correspond  to  the  compounds  CaZuio,  CaZn^,  CajZn.,, 
Ca^Zn. 

(3)  The  study  of  the  single  potentials,  conductivity  and  mi- 
rro.Hcopic  structure  of  alloys  are  valuable  aids  in  determining 
the  nature  and  constitution  of  the  series. 

In  conclusion,  the  author  wishes  to  express  his  gratitude  for 
the  timely  suggestions  and  advice  received  from  Professor  C.  F. 
Burgess  and  Professor  O.  P.  Watts  during  the  progress  of  this 
investigati(m. 
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V.     =  velocity  of  the  liquid  in  the  eduction  pipe  below  the  air  inlet. 
V.     =  velocity  of  the  liquid  in  the  tail-piece. 

V  =  velocity  of  air  in  pipe,  when  discharging  against  pressure  p  . 

Weights 
w     =  weight  of  air  used  in  pounds  per  second. 
w     =  weight  of  water  pumped  in  pounds  per  second. 

[415] 


Digiti 


ized  by  Google 


Digiti 


ized  by  Google 


INTRODUCTION 


The  air  lift  method  of  pumping,  though  not  highly  efficient 
as  compared  with  some  other  methods,  is  nevertheless  an  im- 
portant one,  owing  to  the  many  advantages  it  possesses  over 
other  methods  in  the  pumping  of  corrosive  liquids,  in  pumping* 
large  quantities  from  wells  of  small  bore,  and  on  account  of 
other  features  which  will  be  discussed  on  a  succeeding  page. 

Notwithstanding  the  fact  that  this  method  of  raising  liq- 
uids has  been  known  for  over  a  century  and  is  now  quite  ex- 
tensively used  in  both  small  and  large  pumping  installations, 
the  amount  of  reliable  data,  that  are  available  to  the  practic- 
ing engineer,  concerning  the  performance  of  this  type  of 
pump,  is  very  meagre.  Numerous  tests  of  air  lift  pumps  have 
been  made  by  the  manufacturers  of  air  compressors  and  pat- 
ented devices  to  be  used  in  connection  with  air  lift  pumping^ 
plants,  but  the  information  gained  from  such  tests  has  not 
been  made  public.  The  engineer  in  private  practice  has  avail- 
able, for  use  in  designing,  only  the  data  from  some  tests  on 
very  small  scale  apparatus  and  those  from  a  number  of  tests 
on  actual  installations,  where  it  was  not  practicable  to  vary 
the  conditions  of  operation  much,  nor  to  make  accurate  meas- 
urements of  quantities. 

With  the  purpose  of  supplying  the  demand  for  reliable 
data,  from  tests  on  pumps  of  commercial  size  and  of  various 
types,  the  investigations  described  and  discussed  in  this  bulle- 
tin were  undertaken.  The  experiments,  which  comprise  more 
than  600  runs,  were  carried  on  in  the  Hydraulic  Laboratory 
of  the  University  of  Wisconsin.  In  taking  the  data  on  the 
first  318  runs  the  writers  were  assisted  by  B.  R.  McBride,  then 
Instructor  in  Hydraulic  Engineering,  who  supervised  the  work 
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of  C.  J.  Miller  and  E.  J.  Springer,  then  senior  students  in  the 
College  of  Engineering,  who  used  the  data  taken  by  them  as 
the  basis  of  a  thesis  for  the  baccalaureate  degree.  A^istance 
in  the  way  of  computing,  draftin'g,  and  changing  apparatus,  has 
also  been  given  from  time  to  time  by  E.  P.  Abbott,  G.  P.  Stocker, 
M.  C.  Koenig,  E.  B.  Nelson,  P.  C.  Dodge,  Andrew  Ludberg,  and 
R.  W.  Hart,  students  in  the  College  of  Engineering.  The  ob- 
servations on  runs  319  to  500  inclusive  were  made  by  the  writers, 
those  from  501  to  608  inclusive  were  made  by  Messrs.  Bingham 
and  Hallauer,  who  included  these  data  in  a  thesis  submitted  for 
a  degree. 

The  experiments  were  not  made  on  actual  wells,  but  the 
apparatus  was  designed  to  reproduce  as  nearly  as  possible  the 
practical  working  conditions  of  the  air  lift  pump. 


[418] 

tized  by  Google 


Digitiz 


HISTORICAL  NOTES  ON  THE  DEVELOPMENT  OF  THE 
AIR  LIFT  PUMP 


The  application  of  compressed  air  as  a  means  of  pumping 
liquids  was  first  used  by  Carl  Emanuel  Loscher,  a  German 
Mining  Engineer,  who  in  1797  made  some  laboratory  experi- 
ments, and  described  his  invention  in  a  pamphlet  entitled 
"Aerostatisches  Kunstgezeug. "  It  was  not  until  half  a  cen- 
tury later  that  the  idea  was  put  to  a  practical  application, 
and  then  in  a  completely  independent  manner,  by  an  Ameri- 
can named  Cockford,  who  in  1846  succeeded  in  pumping  pe- 
troleum from  some  wells  in  Pennsylvania. 

On  May  23,  1865,  a  United  States  patent  (No.  47,793)  was 
issued  to  A.  Brear  on  an  **oil  ejector,'*  which  the  description 
and  illustration  accompanying  the  patent  show  to  have  been 
an  air  lift  pump  of  the  annular  tube  type  (see  page  34). 

The  idea  was  again  revived  by  Mr.  J.  P.  Frizell  who  ob- 
tained a  patent  on  an  air  lift  pump,  dated  Oct.  19,  1880.  His 
invention  was  apparently  made  independently  and  without 
knowledge  of  the  work  done  in  this  field  by  others,  and  grew 
out  of  his  invention  of  a  method  of  compressing  air  on  which 
he  was  granted  a  patent  on  January  29th,  1878  (No.  199,819). 

The  Frizell  method  of  compressing  air  consists  in  introduc- 
ing the  air  within  a  column  of  water  descending  through  a 
vertical  shaft  or  pipe,  from  whence  the  mixture  flows  through 
a  horizontal  tunnel  at  the  top  of  which  the  air  is  collected  by 
means  of  a  suitable  receiver  and  from  which  it  may  be  con- 
ducted to  any  desired  point  by  a  pipe.  The  water  divested  of 
the  air  passes  through  the  tunnel  and  rises  to  the  surface 
through  an  ascending  shaft  at  the  other  end.  The  invention 
was  based  on  the  knowledge  that  air  drawn  into  a  current 
of  water,  descending  through  a  vertical  shaft  or  pipe  with  a 
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velocity  greater  than  that  with  which  air  bubbles  would  rise 
in  still  water,  will  be  carried  down  with  the  descending  col- 
umn, and  will  be  subjected  to  a  pressure  corresponding  to  the 
depth  attained.  The  amount  of  air  which  may  be  carried 
down  and  compressed  by  a  current  of  water  depends  upon 
the  quantity  of  water  and  the  difference  of  head  available  be- 
tween inlet  and  outlet  of  the  tunnel.  Although  the  bubbles 
of  air  are  actually  moving  downward  their  velocity  relative 
to  that  of  the  water  is  upward.  They,  therefore,  have  a  retard- 
ing effect  on  the  velocity  of  the  water  due  to  fluid  friction  be- 
tween the  air  and  the  water.  The  larger  the  quantity  of  air 
introduced  the  smaller  will  be  the  size  of  the  water  passages 
between  the  bubbles,  which,  with  constant  head,  will  result 
in  a  slower  velocity  of  the  water,  until  the  limit  is  reached 
when  the  downward  velocity  of  the  water  is  just  equal  to  the 
relative  upward  velocity  of  the  air.  From  observation  of 
these  facts  it  was  apparent  that  if  compressed  air  be  intro- 
duced at  or  near  the  submerged  bottom  of  a  vertical  pipe  in 
siiflScient  quantity,  it  will,  in  rising  through  the  water  in 
the  pipe,  cause  the  water  to  acquire  an  upward  velocity.  Mr. 
Prizell  in  the  specifications  of  his  air  lift  patent  (No.  233,499) 
expressly  states  that  his  method  of  pumping  is  a  reversal  of 
the  principle  of  his  method  of  compressing  air,  and  since  in 
the  latter  device  the  air  was  admitted  in  the  form  of  small 
bubbles,  so  in  the  pump  also  it  was  admitted  through  a  great 
number  of  small  orifices  with  the  object  of  producing  small 
bubbles,  so  as  to  aerate  the  water,  as  illustrated  in  Fig.  4. 

The  air  lift  pump  was  used  to  increase  the  discharge  of 
flowing  wells  as  early  as  1884,  a  patent  (309,214)  being  is- 
sued Dec.  16th  of  that  year  to  S.  S.  Fertig  on  an  annular  tube 
type  of  pump. 

Apparently  without  any  knowledge  of  the  previous  inven- 
tions Werner  Siemens  in  1885  made  use  of  the  air  lift  pump 
for  draining  a  mining  shaft  near  Berlin.  In  France,  Laurent 
in  1885  and  Goudry  in  1886  used  a  similar  contrivance,  which 
they  called  an  *  *  emulseur, ' '  for  pumping  sulphuric  acid. 

The  term  air  lift,  as  applied  to  the  above  described  method 
of  pumping,  was  first  used  by  Dr.  Julius  6.  Pohle  in  the  speci- 
fications for  his  patent  (No.  487,639)  which  was  issued  Dec.  6, 

[420] 


Digiti 


ized  by  Google 


DAVIS   &  WEIDNER— THE    AIR    LIFT    PUMP  17 

1892.  The  chief  distinction  between  this  type  of  pump  and 
that  of  Mr.  Frizell  lies  in  the  method  of  introducing  the  air. 
To  use  his  own  words,  **The  invention  *  *  *  consists 
in  improved  processes  and  apparatus  whereby  the  compressed 
air  is  delivered  in  bulk  into  the  lower  end  of  the  water  educ- 
tion pipe,  and  the  water  and  air  are  caused  to  ascend  through 
said  pipe  in  distinct  alternate  layers  of  definite  dimensions." 
In  the  specifications  of  his  patent  he  explains  his  understand- 
ing of  the  working  of  the  pump  as  follows : 
\jj  **I  have  discovered  that  when  air  of  suitable  pressure  is  -al- 
lowed to  enter  in  a  constant  stream  and  in  suitable  quantity 
into  an  eduction  pipe  at  or  near  its  lower  end  when  it  is  sub- 
merged in  water  while  its  upper  end  rises  above  the  water  about 
the  same  distance  that  its  lower  end  is  submerged,  the  com- 
pressed air  thus  introduced  will  at  first  expel  the  standing 
water  from  the  pipe  in  an  unbroken  column  free 
from  air,  and  subsequently,  by  the  continued  inflowing  of  the 
compressed  air  under  a  pressure  just  sufficient  to  overcome  the 
resistance  of  the  water  outside  of  the  eduction  pipe,  it  will  ar- 
range  itself  in  alternate  layers  with  the  w^ater,  while  the  latter 
flows  into  the  lower  end  of  the  eduction  pipe  by  force  of  grav- 
ity until  it  is  discharged  at  the  upper  or  exit  end  of  the  pipe. 
This  alternate  interposition  of  determinate  quantities  of  air  be- 
tween the  also  determinate  quantities  of  water  elongates  the 
entire  column  of  air  and  water,  tluis  facilitating,  without 
materially  adding  to  the  weight  of  the  column,  the  discharge  of 
the  water  at  a  higher  level  than  would  be  the  case  were  these  air 
sections  or  layers  absent.  I  have  also  discovered  that  under  the 
above  mentioned  conditions  the  compressed  air  wnll  not  escape 
through  the  water  overlying  it,  and  also  that  the  water  over- 
lying the  compressed  air  will  not  fall  back  through  the  under* 
lying  air  while  both  are  in  upward  motion,  but  find  that  the 
elasticity  stored  in  the  compressed  air  layer,  pressing  alike  in 
all  directions,  forms  a  temporary  water-tight  air  piston,  which 
lifts  the  water  above  it  to  its  final  discharge  without  appreciable 
less  by  leakage  or  so  called  "slip,"  while  this  compressed  air 
piston  after  having  expended  its  elastic  energy  in  work  of  lift- 
i2ig  water  is  dispelled  with  only  a  practically  unimportant  loss 
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of  power.''    In  Fig.  3(b)  a  pump  is  shown  in  which  the  air  is  in 
large  bubbles  or  pistons. 

In  addition  to  the  patents  mentioned,  many  others  have  been 
granted  covering  various  supposed  or  real  improvements.  Some 
of  these  will  be  mentioned  on  following  pages  in  the  discussion 
of  the  features  of  the  pump  to  which  they  relate. 


THE  PRINCIPLE  OF  THE  AIR  LIFT  PUMP 


The  precipe  action  goinj?  on  in  au  air  lift  pump  is  not  thor- 
oughly known  and  it  doubtless  differs  under  the  various  con- 
ditions of  operation,  but  the  basic  principle  on  which  the  pump 
works  is  simple  and  may  be  illustrated  in  the  following  man- 
ner. 

First,  consider  a  vertical  pipe,  open  at  both  ends  and  partly 
immersed  in  a  liquid,  as  shown  in  Fig.  1  (a).     The  liquid  will 
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Fig.  1. 


stand  at  the  same  height  inside  and  outside  of  the  pipe.     As- 
sume that  a  block  of  material,  like  cork  or  wood,  lighter  than 
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the  liquid,  made  to  fit  the  pipe  snugly  but  able  to  move  with- 
out friction,  is  made  to  replace  part  of  the  liquid  near  the  bot- 
tom of  the  pipe.  The  hydrostatic  pressure  on  the  underside 
of  the  block  is  now  greater  than  the  combined  weight  of  the 
block  and  the  liquid  above  it.  The  block  and  the  liquid  in 
the  pipe  will  therefore  be  pushed  up  in  the  pipe,  as  shown  in 
Fig.  1  (b),  until  the  head  h  balances  the  difference  between  the 
weight  of  the  block  and  the  weight  of  an  equal  volume  of  the 
liquid.  If  more  blocks  of  the  light  solid  material  be  introduced 
into  the  pipe,  the  liquid  will  be  raised  a  distance  h  for  each 
block  until  the  top  of  the  pipe  is  reached,  when  an  overflow  of 
liquid  and  blocks  will  occur  leaving  an  unbalanced  head  in  the 
pipe,  which  would  keep  up  the  discharge  as  long  as  the  supply 
of  liquid  and  blocks  was  kept  up  at  the  bottom  of  the  pipe.  In 
the  Pohle  air  lift  system  the  claim  is  made  that  the  pump  works 
as  described  above,  with  the  exception  that  compressed  air  is 
used  instead  of  a  light  solid,  and  that  work  is  done  by  the  ex- 
pansion of  the  air  as  it  is  relieved  of  the  weight  of  the  liquid 
when  approaching  the  top  of  the  pipe. 

A  closer  approximation  is  made  to  usual  working  conditions 
in  an  air  lift  pump  by  the  illustration  (c)  in  Fig.  1.  In  this 
case  the  block  of  light  material,  cork,  wood,  or  air,  does  not 
entirely  fill  the  cross-section  of  the  pipe.  By  virtue  of  its 
buoyancy  it  will  tend  to  rise  in  the  pipe  and  the  liquid  in  the 
pipe  will  tend  to  flow  down  past  it.  The  height  h,  to  which 
the  water  rises  in  the  pipe  in  this  case,  represents  the  head 
necessary  to  force  the  liquid  down  through  the  restricted  pass- 
age-way past  the  block.  The  same  conditions  would  obtain 
if  the  single  block  nearly  filling  the  pipe  were  replaced  by  a 
large  number  of  small  blocks.  It  would  require  some  head  h 
to  overcome  the  resistance  offered  to  the  liquid  in  its  flow  be- 
tween the  smaU  blocks  or  between  the  blocks  and  the  pipe 
walls.  If  a  sufficient  quantity  of  the  small  blocks  of  air  or 
other  light  material  are  inserted,  the  head  h  will  reach  the  top 
of  the  pipe  and  will  cause  a  discharge  of  the  liquid.  The  flow 
of  liquid  doivn  past  the  buoyant  material  is  called  the  slip  of 
the  pump.    It  is  the  cause  of  a  serious  loss  of  energy. 

A  commonly  accepted  conception  of  the  principle  of  opera- 
tion of  the  air  lift  pump  may  be  had  by  considering  that  the 
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air  bubbles,  in  rising  through  the  water  in  the  discharge  pipe, 
reduce  the  specific  gravity  of  the  mixture  and  therefore  the 
weight  of  the  column,  causing  an  unbalanced  condition  between 
the  column  inside  and  outside  of  the  tube.  The  excess  pressure 
at  the  base  of  the  column,  due  to  the  external  water  pressure, 
therefore,  forces  the  mixture  above  the  supply  level  and  out 
of  the  top  of  the  pipe.  This  excess  pressure  increases  with  the 
depth  of  submergence  of  the  pipe,  and  the  latter  must  be  regu- 
lated to  suit  the  height  of  delivery. 

Theory  op  the  Am  Lipt 

E chars  Theory. — An  attempt  was  made  by  Professor  W.  H. 
Echols,  to  develop  a  theory  of  the  air  lift  pump  based  upon  a 
mathematical  analysis  of  the  problem.  The  results  of  his  stud- 
ies were  presented  before  the  Philosophical  Society  of  the  Uni- 
versity of  Virginia  in  1891,  but  they  were  not  available  to  the 
writers. 

Harris's  Theory, — A  further  effort  in  this  direction  was  made 
by  Professor  Elmo  G.  Harris  of  the  University  of  Missouri, 
with  the  purpose  of  obtaining  a. rational  formula  by  which  a 
pump  could  be  desi<?ned  intelligently,  and  on  which  experiment 
could  be  based.  His  discussion  of  the  subject  was  published 
in  the  Journal  of  the  Franklin  Institute,  Vol.  140,  p.  32,  July, 
1895. 

In  deriving  his  formulas  for  the  design  of  a  pump  the  work 
done  by  the  air  is  divided  into  four  parts  by  Professor  Harris, 
as  follows: 

(1)  The  kinetic  energy  in  the  liquid  discharged  at  the  top  of 
the  pipe. 

(2)  The  energj'^  necessary  to  raise  the  liquid  to  the  top  of  the 
discharge  pipe. 

(3)  The  energy  lost  by  the  liquid  slipping  down  by  the  bub- 
bles. 

(4)  The  energy  consumed  by  friction  in  passing  through  the 
pipes. 

Theoretical  expressions  may  be  found  for  each  of  the  above 
quantities.  That  for  the  slip  is  too  complicated  for  use  in 
practice,  so  an  approximate  formula  based  on  a  number  of  as- 
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sumptions  is  derived.  For  the  fourth  term  the  value  of  the 
fnetion  factor  is  assumed,  as  is  the  relation  of  the  loss  to  the 
velocity.  In-as-much  as  it  is  n6t  possible  to  verify  the  cor- 
rectness of  the  individual  terms  for  the  losses  by  experimental 
means,  since  the  loss  due  to  slip  and  that  due  to  friction  could 
not  be  differentiated  under  working  conditions,  and  in-as-much 
as  the  formulas  are  complicated  and  difficult  to  use,  they  will 
not  be  given  in  detail,  but  a  brief  review  of  the  general  prin- 
ciples on  which  they  are  based  will  be  presented  as  a  further 
aid  to  an  understanding^  of  the  action  of  the  air  lift  pump. 


n 


^^K 


\!J 


Q 


\^ 


(o) 


(b) 


71ff.  2. 


In  his  consideration  of  the  subject  Professor  Harris  first  pro- 
poses the  following  problem: 

A  vertical  pipe,  open  at  both  ends,  is  partly  immersed  in  a 
liquid,  as  shown  in  Fig.  2  (a).  A  quantity  of  gas  is  released 
within. the  pipe  and  below  the  surface  of  the  liquid.  What  ef- 
fect will  the  gas  have  oa  the  column  of  liquid  and  what  will  be 
the  action  of  the  bubble  of  gas? 

The  pipe  is  assumed  to  be  so  large  that  capillary  forces  can- 
not control  the  action.     Then  the  bubble  will  ascend  in  the 
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pipe.  Assuming  for  the  present  that  no  liquid  is  pumped  out 
of  the  top  of  the  pipe,  then  during  the  ascent  the  liquid  above 
the  bubble  must  pass  by  it  in  order  to  get  below.  Hence,  the 
bubble  cannot  occupy  the  whole  cross-section  of  the  pipe.  In 
order  to  ascend  the  bubble  must  become  elongated  until  the  li- 
quid can  pass  down.  In  order  to  pass  down  through  the  contrac- 
tion formed  by  the  bubble,  the  liquid  must  have  a  certain  abso- 
lute velocity.  The  presence  of  this  velocity  is  evidence  of  the 
existence  of  an  unbalanced  head  somewhere  above. 

Expressions  are  found  for  the  upward  velocity  of  the  air  bub- 
bles and  for  the  downward  velocity  of  the  water,  and  from  the 
relations  of  these  quantities  the  area  of  cross-section  of  the  bub- 
ble and  the  rate  of  loss  of  liquid  from  above  to  below  one  bub- 
ble is  computed,  thereby  giving  a  basis  for  finding  the  loss  of 
energy  due  to  slip. 

Under  the  conditions  of  the  above  problem  all  of  the  useful 
energy  supplied  by  the  air  is  wasted  in  fluid  friction  caused  by 
the  water  slippiug  past  the  bubble. 

A  closer  approximation  to  working  conditions  is  illustrated  in 
Fig.  2  (b),  in  which  the  arrangement  is  the  same  as  in  the  pre- 
ceding problem  with  the  exception  that  the  top  of  the  pipe  is 
flush  with  the  surface  of  the  supply  reservoir.  In  the  first  prob 
lem  the  bubble  produced  the  standing  head  h.  In  the  absence 
of  the  standing  head  in  this  problem,  the  liquid  will  flow  out  of 
the  top  of  the  pipe  with  a  velocity  theoretically  equal  to  V2gh. 
Under  the  conditions  of  this  problem  the  entire  column  of  liquid 
in  the  pipe  will  be  moving  upward.  The  downward  velocity  of 
the  water  past  the  bubble  will  not  be  actual  but  only  relative  to 
the  velocity  of  the  bubble,  but  the  loss  due  to  slip  is  assumed 
ti/  be  the  same  as  under  the  conditions  of  the  first  problem. 

In  air  lift  pumps  as  actually  operated  the  bubbles  are  not 
always  of  the  proper  size  to  fill  the  pipe  in  the  manner  assumed 
above.  In  the  pump  specified  in  the  Frizell  patent,  for  example, 
the  air  is  admitted  to  the  water,  as  already  described,  in  the 
form  of  very  minute  bubbles.  When  the  size  of  the  bubble  is 
small  the  surface  tension  in  the  liquid  tends  to  compress  the 
bubble  into  a  sphere.    When  the  bubbles  are  small  their  motion 
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is  irregular  and  the  formulas  deduced  by  Professor  Harris  for 
loss  due  to  slip  are  not  supposed  to  hold. 

In  his  book  on  Compressed  Air,  published  in  1910,  Professor 
Harris  has  modified  his  original  theory,  and  shows  that  the  slip 
varies  as  the  Fquare  root  of  the  volume  of  the  bubble,  and  that 
the  head  produced  is  independent  of  the  size  of  the  bubbles, 
hence  it  would  seem  desirable  to  have  the  air  in  the  form  of  smal) 
bubbles. 

Anderson's  Theory, — A  simple  theory  of  the  air  lift  pump, 
proposed  by  Mr.  Robert  M.  Anderson,  was  published  in  Bulletin 
No.  53  of  the  Hudson  Engineering  Company  in  1905.  In  de- 
veloping this  theory  static  conditions  were  assumed  to  exist  in  the 
pump.  Under  such  conditions  the  pressure  at  the  air  inlet  due 
to  the  depth  of  submergence  is  equal  to  that  produced  by  the 
mixture  of  air  and  water  in  the  eduction  pipe.  The  lift  is 
found  by  computing  the  length  of  eduction  pipe  required  to  give 
a  pressure  equal  to  that  due  to  the  submergence.  This  length  is 
inversely  propoi-tional  to  the  average  density  of  the  mixture. 
Tc  find  the  latter  quantity  an  expression  is  developed  for  giving 
the  mean  volume  of  the  air,  while  expanding  isothermally  from 
its  volume  at  the  inlet  to  its  volume  at  atmospheric  pressure. 
The  various  terms  when  combined  give  the  volume  of  air  at 
barometric  pressure  required  to  pump  one  volume  of  water,  as 

(1) 


'^  -p  -  p-  '^^« 

P. 
Pb 

in  which 

qt,  —  discharge  of  free  air  at  the  pressure  Pb. 

h,  =  the  lift,  in  feet. 

hs  ~  the  depth  of  submergence,  in  feet. 

Pb  =  barometric  pressure. 

p,  =  pressure  at  the  air  inlet  in  the  foot-piece. 

For  convenience  of  reference  these  and  all  other  symbols  used 
in  this  bulletin  have  been  tabulated  and  defined  on  page  9. 

Under  the  static  conditions  assumed  for  developing  this  theory, 
there  would  be  no  losses  of  head,  such  as  those  occasioned  by  en- 
trance to  the  eduction  pipe,  pipe  friction,  slip,  elbow  loss,  etc., 
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ond  accordingly  no  terms  for  these  quantities  are  found  in  the 
formula.  To  adapt  the  formula  for  practical  use  a  constant, 
found  by  comparing  with  experimental  results,  has  been  intro- 
duced giving 

%-1.9 (2) 

/)  \  ^log,_l 

It  is  not  claimed  that  this  formula  gives  accurate  results,  but 
only  approximations. 

Gibson's  Theory. — This  theory,  published  in  1908  by  A.  H. 
Gibson  in  his  *' Hydraulics  and  Its  Application,"  is  based  on  the 
same  fundamental  ideas  as  the  preceding  one  except  that  it  Is 
not  confined  to  static  conditions.  Under  operating  conditions 
the  column  of  mixed  air  and  water  in  the  eduction  pipe  is  not 
long  enough  to  create  a  pressure  at  the  air  inlet  sufficient  to  bal- 
ance that  due  to  submergence,  the  difference  being  made  up  iii 
the  losses  of  pressure  due  to  friction,  etc.  Mr.  Gibson  takes  ac- 
count of  the  losses  due  to  friction  and  velocity  at  exit,  introduc- 
ing terms  for  the  loss  of  head  due  to  these  causes  so  that  formuh 
(1)  becomes 


(3) 


Loreie's  Theory. — A  very  simple  mathematical  theory,  ex- 
plaining the  action  of  the  air  lift  pump,  was  published  by  Dr. 
H.  Lorenz,  in  Zeitschrift  dos  Vcreines  Deutcher  Ingenieure,  Vol. 
53,  page  545,  Apnl,  1900.  The  formulas  he  deduces  take  account 
f  f  the  losses  of  energy  occasioned  by  slip,  pipe  friction,  etc.,  and 
are  therefore  of  practical  use  in  designing  air  lift  pumps,  pro- 
\ided  the  necessary  experimental  coefficients  are  known.  The 
theoretical  discussion  in  Dr.  Lorenz's  article  is  therefore  given 
in  full  below.     Let 

pi  =  the  pressure  in  the  foot-piece. 

Pb  =the  barometric  pressure  acting  on  the  surface  of  the 
water  in  the  well  and  also  on  the  discharge  end  of  the 
pipe  A,  Fig.  3. 
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Uw  =  the  density  of  the  fluid  pumped. 

Ww  =  the  weight  per  second  of  the  water  pumped. 

Wa  =  the  weight  per  second  of  the  air  discharged  through  the 

pipe  B. 
Ui  =  the  density  of  the  air  at  the  air  inlet  in  the  foot-piece. 


T 


Atr  Ptpt 


I 

1. 


i.  i<;  ^y 


n 


^H 


y 


A>i'     P:pt 


'^m 


(o)  (b) 

Pig".  3.— Comparison  ol  the  Prizell  and  Pohle  Systems  ol  Operation. 

Ub  =  the  density  of  the  air  at  the  discharge  end  of  pipe  A. 
Vi  =:  the  velocity  of  the  liquid  in  the  pipe  A  below  the  air  in- 
let. 
Cc  =  the  coefficient  of  entrance, 
ha  =  the  depth  of  submergence. 

Referring  to  Fig.  3  (a),  it  may  be  seen  that  during  the  opera- 
tion of  the  pump  the  following  equation  of  heads  holds  between 
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the  point  C  in  the  pump  and  a  point  at  the  same  elevation  out- 
side the  pump: 

w 

For  flow  in  the  discharge  pipe  A  the  following  differentia! 
equation  holds  on  account  of  the  variable  value  of  the  density  u 
of  the  mixture  of  gas  and  liquid: 

,.        dp       vdv  ^  ,.  ... 

dh = cv*  dh  (5) 

u  g 

in  which  v  equals  the  variable  velocity,  and  p  the  pressure  at 
any  point;  and  with  the  variable  specific  weight  of  air  as  u^, 
equation 

W     J_    w  w  w 

-'  ^  _  -Ji  +  .    _^  .  (6) 

u  u  u 

V  w 

designates  the  momentary  volume  of  the  mixture  w*  +  w^. 

If  the  mixture  of  air  and  fluid  is  very  intimately  commingled ; 
that  is,  if  the  air  penetrates  the  fluid  in  the  form  of  small  bub- 
bles, it  can  be  assumed  that  the  air  expands  isothermally,  so 
that 

u P.  u  (7) 

*^b 

By  means  of  equations  (6)  and  (7)  the  fundamental  formula 
(5)  becomes 

^a  ^bdp  %       dp  vdv 

dh  -  1 ^_1_ !! _ c>v«dh      (8> 

w   _|_w        up  w    4- w      u  g  f 

a   "^     w         b  a^^     WW  "  ^ 

Integrating  this  equation  between  the  limits  h«  +  hi  and  0, 
Pi  and  Pb,  and  Vi  and  Vb  (the  velocity  of  the  mixture  at  the  dis- 
charge end  of  the  eduction  pipe)  there  results 

.-                          ^.        Pk          p*            ^«      r  Pi  —  Pk  1 
_(h^hj^ ^log,_l  + ^L_i bj^_ 

V     *  */  W     J_W        u  p  W    4-W  u 

ai^wb  b  a«^w  w 


V2        v2 

b—      • 


5 ,  r\+\ 

I    c  v2  d  1 
J   of 


2g 
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J  ^  c^v2  d  h  ^    d     2g  ^ 


Replacing  the  last  term  in  this  equation,  for  the  sake  of  sim-       |  ^"^^"^ 
plicity,  by  assuming  a  mean  coeflBcient  Cp  so  that 


there  results 

Pi      ^„ 


a^^w\  b  bw  / 


2g  '      ^    d    2g 

Adding  this  equation  to  (4)  gives 


V2_.  v2  ,      v2 

b         1      ,    ^       1        b 


w 

a 

log^ 

Pl_ 
Pb 

_Pl 

-Pb 

a  "^     w 

u 
w 

^+ 

V2  / 

1^ 

d 

i 

+ 

2b     • 

(11> 


Neglecting  the  second  term  on  the  left  hand  side  of  the  equa- 
tion, which  will  be  very  small  in  comparison  with  the  first  term 
on  account  of  the  large  difference  between  the  values  of  Uw  and 
Ub,  Wa  and  Ww,  and  neglecting  Wa  in  the  denominator,  this  equa- 
tion reduces  to  the  simple  form 

—  —  log   _i-h,  +  _^   1+c    J^\+_lc  (12). 

%\         '\         '       ^^[^    -d)+2g     e  (     ) 

In  developing  this  ener^  equation  Dr.  Lorenz  assumed  the 
velocily  of  air  entering  the  foot-piece  as  equal  to  that  of  the 
water ;  that  is  free  from  any  losses  due  to  impact  which  may  be 
readily  assumed  on  account  of  the  small  kinetic  energy  of  the 
air. 

Now  let 

p  p 

"b  Pb 

the  work  of  isothermal  expansion  of  the  weight  of  air  Wa,  and 
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!o  =  Ww  hi  the  work  done  in  lifting  the  fluid  weight  Ww,  from 
which  the  hydraulic  efficiency 

1  w    h.  u 

w    '     "  (14) 


'.  Pi 

*  w    p     log   — - 

*^b 


can  be  computed  with  the  aid  of  equation  (12) 


v2A  .     c     -L^4-  v2  C 


-^=l-f ^ (15) 

For  the  practical  use  of  these  formulas  it  will  be  better  to 
eliminate  the  velocities  Vb  and  Vi,  by  introducing  the  volumes 
qb  and  qw  of  weights  w*  and  Ww  and  using  the  area  of  the  dis- 
charge pipe  ap,  by  means  of  the  following  formulas : 


w=qu  w=qu 

abb  w  w     ui 


b    "^     w  p     b  w  p     i 


(16) 


"Writing  now  in  place  of  equation  (12) 


'J-"-        ^Ph 
w     w  b  *  ^     p 

and  diflferentiating  this  equation  with  respect  to  qb,  putting 

d  q 


^% 


there  results  as  a  requirement  for  maximum  discharge  q, : 
1    P.  P       1  +  c  _L  /  s 

or  in  connection  with  equation  (17),  that  is  after  eliminating 
the  pressures  pi  and  Pb, 

{'+  %-r)(''b-''w)='^N%'+%'^w  (19) 

If  now  the  maximum  discharge  determined  from  the  capacity 
of  the  well,  and  the  area  ap  of  the  discharge  pipe  determined 
from  the  diameter  of  the  well,  and  also  the  lift  and  the  knowm 
•coefficients  Ce  and  Cp  are  given,  the  volume  of  free  air  required 
may  be  computed  by  means  of  the  formulas  (18)  and  (19)  from 

[432] 

Digitized  by  VjOOQ IC 


DAVIS   &   WEIDNER— THE    AIR    LIFT    PUMP  2» 

which  the  submergence  hg  can  then  be  computed  by  means  of 
equation  (4).  For  these  fixed  conditions  equation  (17)  then 
gives  the  relations  between  any  desired  values  of  qb  and  q^ 
using  the  same  pressure  pi. 

There  may  be  other  losses  of  energy  than  those  accounted  for 
by  Dr.  Lorenz,  such  as  the  loss  due  to  the  elbow  or  bend  which 
generally  forms  the  upper  end  of  the  pump.  In  comparing  the 
experimental  results  of  the  Wisconsin  experiments  with  Dr. 
Lorenz 's  theory  (see  page  77),  his  formulas  have  been  modified 
to  take  account  of  the  elbow  loss,  and  in  computing  experi- 
mental values  of  the  coeflBcient  of  pipe  friction  and  slip,  a  term 
has  been  introduced  to  correct  for  the  loss  of  energy  due  to 
friction  in  the  air  pipe  (see  page  73). 

Green's  Theory. — In  the  Engineering  and  Mining  Journal  of 
Aug.  7,  1909  (Vol.  88,  p.  251),  Leonard  M.  Green  has  published 
an  article  entitled  **  Efficiency  of  the  Air  Lift  as  a  Solution 
Pump,*'  in  which  he  discusses  mathematically  the  theory  of  the 
air  lift,  amount  of  air  required,  minimum  air  pressure,  effi- 
ciency of  the  lift  under  given  conditions,  etc. 

He  makes  the  assumption  that  the  water  and  air  rising  in 
the  eduction  pipe  are  in  layers;  the  layers  of  water  being 
equal  in  volume  and  the  layers  of  air  being  of  equal  weight. 
Formulas  are  deduced  for  computing  the  ratio  of  the  volumes 
of  water  and  free  air  in  each  layer  for  given  conditions  of  lift 
and  submergence  and  for  giving  the  number  of  these  layers^ 
or  the  volumes  of  water  and  air  discharged. 

No  provision  is  made  in  the  formulas  for  correcting  for 
entrance  loss  or  for  the  loss  caused  by  the  elbow,  at  the  top 
of  the  eduction  pipe,  which  may  amount  to  as  much  as  15  per 
cent,  of  the  total  work  done.  Nor  has  any  account  been  taken 
of  the  slip.  An  attempt  has  been  made  to  correct  for  pipe 
friction  by  assuming  that  the  velocity  in  the  tail-piece  of  the 
eduction  pipe  is  equal  to  the  velocity  of  flow  of  water  in  a 
clean  iron  pipe  of  length  equal  to  that  of  the  eduction  pipe  and 
under  a  diflference  of  head  equal  to  that  caused  by  the  com- 
pressed air.  The  experiments  made  by  the  writers  indicate 
that  this  last  assumption  may  be  approximately  true  for  some 
ratios  of  volume  of  air  to  volume  of  water,  but  that  it  is  very 
far  from  the  truth  when  this  ratio  is  small. 

[433] 


Digiti 


ized  by  Google 


30  BULLETIN  OP  THE  UNIVERSITY  OP   WISCONSIN 

By  neglecting  the  entrance  and  elbow  losses  and  making  the 
above  assumption  as  to  pipe  friction  the  author  computes  the- 
oretical efficiencies  of  more  than  90  per  cent,  for  small  amounts 
of  air,  and  draws  the  conclusion  that  under  proper  working 
conditions  the  total  combined  efficiency  of  the  compressor  and 
lift  should  not  be  less  than  70  per  cent.  Experiments  do  not 
justify  this  opinion. 

The  Green  formulas  are  not  so  convenient  for  use  as  the 
Lorenz  formulas,  so  no  attempt  has  been  made  by  the  writers 
to  supply  the  missing  terms  or  to  work  out  experimental  co- 
efficients for  use  with  them. 
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METHOD  OP  OPERATION 

To  start  the  operation  of  an  air  lift  pump  requires  a  greater 
air  pressure  than  is  necessary  for  normal  operating  conditions. 
When  the  air  supply  is  first  turned  on,  the  air  pressure  must 
be  greater  than  that  due  to  the  submergence  of  the  air  inlet, 
while  after  the  discharge  of  the  liquid  from  the  pump  has  com- 
menced the  pressure  at  the  air  inlet  will  be  reduced  by  the 
amount  of  the  entrance  and  velocity  heads  of  the  liquid  enter- 
ing the  eduction  pipe.  The  conditions  existing  while  starting 
an  air  lift  pump  are  accurately  illustrated  and  described  above 
in  connection  with  Fig.  2  (a)  with  the  exception  that  instead 
of  only  one  bubble  of  air  there  would  be  many.  "When  a  suf- 
ficient number  of  bubbles  have  been  introduced  to  raise  the 
head  through  the  entire  lift,  some  of  the  liquid  will  begin  to 
spill  out  over  the  top  of  the  pipe.  The  loss  of  this  liquid  causes 
a  reduction  in  the  pressure  in  the  eduction  pipe,  which  under 
some  conditions  allows  a  sudden  influx  of  the  high  pressure 
air,  resulting  in  a  violent  discharge  of  liquid  and  air  which 
may  exhaust  the  store  of  compressed  air.  Following  this  the 
liquid  would  regain  its  full  static  head,  requiring  the  opQjration 
to  be  started  over  again. 

To  prevent  such  intermittent  action  the  escape  of  air  into 
the  eduction  pipe  must  be  controlled.  It  should  be  throttled 
the  instant  the  discharge  of  liquid  commences.  That  intermit- 
tent action  does  not  always  occur  is  probably  due  to  the  effect 
of  friction  in  the  air  pipe.  As  this  friction  increases  with  the 
square  of  the  velocity,  it  is  evident  that  in  long  pipes  of  small 
cross-section  it  will  serve  to  some  extent  as  a  governor,  tending 
to  control  the  discharge  of  air. 
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DESCRIPTION  OF  AN  AIR  LIFT  PUMPING  PLANT 

,The  Pump 

The  essential  structural  features  of  the  air  lift  pump  are  ex- 
ceptionally simple  and  few  in  number,  and  this  fact  constitutes 
one  of  its  principal  advantages.  In  its  simplest  form,  as  illus- 
trated in  Fig.  3,  it  consists  of  a  pipe  for  the  discharge  of  the 
water  and  a  smaller  pipe  for  conveying  compressed  air  to  it 
at  a  point  near  its  lower  end. 

The  Eduction  Pipe. — The  discharge  pipe  is  designated  by  va- 
rious writers  as  the  eduction  pipe,  lift  tube,  lift  pipe,  and  rising 
main.  It  should  not  touch  the  bottom  of  the  well  or  reservoir 
from  which  it  is  to  pump  but  should  be  elevated  above  it  so  as 
to  freely  admit  the  water  or  other  liquid  through  its  lower  open 
end.  This  end  of  the  pipe  should,  however,  be  submerged  be- 
low the  liquid  surface  a  distance  which,  our  experiments  indi- 
cate, should  be  greater  than  the  height  above  the  water  sur- 
face to  which  the  liquid  is  to  be  lifted.  This  latter  distance 
is  technically  called  the  lift  of  the  pump.  The  distance  meas- 
ured from  the  water  surface  down  to  the  point  of  admission 
of  the  air  into  the  eduction  pipe  is  known  as  the  submergence 
of  the  pump.  Submergence  is  generally  expressed  as  a  per- 
•  centage  of  the  total  length  of  the  pump,  measured  from  the 
point  of  air  inlet  to  the  point  of  discharge.  The  discharge 
should  be  free  into  a  reservoir  at  atmospheric  pressure.  Sub- 
mergence and  lift  should  be  measured  from  the  elevation  of  the 
water  as  it  stands  under  working  conditions  rather  than  under 
static  conditions. 

The  Foot-Piece, — In  most  air  lift  pumps  the  compressed  air 
from  the  air  pipe  enters  the  eduction  pipe  through  a  casting 
designed  to  cause  the  air  to  enter  in  a  special  manner.  The 
casting  used  for  such  a  purpose  is  technically  called  a  foot- 
piece. 

The  type  of  foot-piece  devised  by  Mr.  Frizell  is  shown  in 
Fig.  4.  In  the  specifications  for  his  patent  it  is  described  as 
follows : 
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**Into  the  bottom  of  the  rising-pipe  is  fitted  the  hour-glass- 
shaped  pipe  5,  inclosing  between  the  two  pipes  the  annular 
space  E  E. 

* '  The  upper  end  of  the  pipe  5  is  perforated  with  a  great 
number  of  minute  orifices,  F,  as  indicated  by  the  black  dots. 


Pig.  4.— Frizell's  Foot-Piece. 


Pig.  5.— Pohle's  Foot-Piece. 


The  lower  end  'expands  to  a  greater  width  than  that  of  the 
rising-pipe  in  order  to  diminish  the  resistance  of  the  water  in 
entering. 

**The  pipe  D,  leading  from  the  source  of  compressed  air 
opens  into  the  annular  space  E  E. 

''The  pipe  D,  which  conveys  the  compressed  air  may  pass 
down  in  the  pit  C,  as  shown,  or  inside  the  rising-pipe  B,  or  out- 
side the  pit  C  in  the  ground,  if  preferred.'* 

Dr.  Pohle\s  foot-piece  is  illustrated  in  Fig.  5.  The  descrip- 
tion of  it,  taken  from  the  specifications  for  hLs  patent,  is  as 
follows : 

*'The  exit  end  of  the  air  pipe  is  enlarged  by  beveling  off  the 
inner  edge  thereof,  in  order  to  permit  the  free  delivery  of  the 
air  in  mass  or  bulk,  and  thus  to  avoid  the  formation  of  air  bul)- 
bles.  The  enlargement  C  of  the  pipe  W  is  of  sufficient  area  to 
compensate  for  the  space  occupied  by  the  exit  end  of  the  air 
pipe  A,  and  said  end  of  said  pipe  A  passes  through  the  vertical 
side  of  the  enlargement  C,  as  shown,  and  derives  support  there- 
from.'' 

Quite  a  large  number  of  different  foot-pieces  have  been  dc% 
vised  and  patented  and  in  most  cases  extravagant  claims  have 
been  made  for  them  as  regards  their  effect  in  increasing  the 
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efficiency  of  the  pump.  A  few  of  the  types  will  be  illustrated 
and  discussed  on  a  following  page,  in  connection  with  the  de- 
scription of  the  experiments  carried  on  at  the  Hydraulic  Labora- 
tory of  the  University  of  Wisconsin. 

As  will  be  shown  later,  experiments  indicate  that  changes 
in  the  form  of  the  foot-piece  have  little  if  any  effect  on  tbe 
efficiency  and  capacity  of  the  pump,  other  than  the  effect  due 
to  the  amount  of  objjtruction  of  the  water  passages;  a  factor 
which  differs  in  the  various  types. 

Tail-Piece, — Most  forms  of  foot-piece  are  arranged  for  the 
attachment  of  a  pipe  onto  their  lower  ends,  thus  extending  the 
eduction  pipe  some  distance  below  the  point  of  air  admission, 
for  the  purpose  of  preventing  the  escape  of  compressed  air 
from  the  bottom  of  the  eduction  pipe.  The  pipe  used  for  such 
an  extension  is  termed  a  tail-piece.  The  tail-piece  is  often 
made  a  larger  size  of  pipe  than  is  the  remainder  of  the  educ- 
tion pipe.  The  length  and  size  to  be  used  for  a  tail-piece  are 
problematical. 

A  number  of  distinct  types  of  air  lift  pump  have  been  pro- 
duced through  the  various  methods  that  have  been  devised  for 
piping  the  wells.  The  methods  in  most  frequent  use  are  illus- 
trated in  Figs.  6  and  7  and  are  described  below. 

Side  InUi  Pump. — The  side  inlet  pump,  in  which  the  air  pipe 
is  on  the  outside  of  the  discharge  pipe,  is  shown  at  (a)  in  Fig. 
6.  The  air  pipe  is  connected  to  the  bottom  of  the  eduction  pipe 
by  means  of  standard  fittings,  special  castings,  or  one  of  the 
various  patented  foot-pieces,  examples  of  which  are  illustrated 
in  Figs.  11  and  12.  This  method  is  used  when  the  well  is  large 
enough  to  admit  of  the  air  and  water  pipes  being  placed  side  by 
side  from  top  to  bottom  and  is  probably  the  most  economical 
of  the  systems  shown. 

Annular  Air  Tube  Pump. — Fig.  6  (b)  shows  the  annular  air 
tube  pump  in  which  the  well  top  is  sealed  and  the  air  passes 
down  through  the  annular  space  between  the  discharge  pipe  and 
the  air  pipe  or  well  casing. 

In  the  illustration  accompanying  the  1865  patent  of  A. 
Brear's  annular  tube  pump,  a  foot-piece  is  shown  attached  to 
the  lower  ends  of  the  eduction  and  air  pipes.     This  nozzle  is  so 
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arranged  that  the  air  is  directed  upward  into  the  center  of  the 
eduction  pipe,  the  liquid  entering  the  lower  part  of  the  foot- 
piece  and  surrounding  the  air  nozzle.  The  air  is  introduced 
differently  in  the  Bacon  pump,  which  has  been  quite  extensively 


used.  In  the  original  patent  (No.  542,620)  of  James  E.  Bacon, 
issued  July  16,  1895,  the  statement  is  made  that  it  was  found 
'*  advantageous  to  make  an  opening  into  the  uptake-pipe  near 
the  bottom  end  thereof,  so  that  the  air  may  flow  through  that 
opening  in  a  uniform  or  nearly  uniform  stream.''  Many  annu- 
lar tube  pumps  have  been  built  with  no  foot-piece  or  opening 
in  the  side  of  the  pipe.  In  such  pumps  the  air  forces  the  water 
level  in  the  well  down  until  the  bottom  of  the  discharge  pipe 
is  uncovered.  Air  then  enters  the  discharge  pipe  and  the  press- 
ure in  the  annular  space  is  lowered.  This  causes  the  fluid  to 
rise  again  in  the  air  space  and  discharge  pipe  until  the  pres- 
sures balance  and  then  the  operation  is  repeated.  This  causes 
the  water  in  the  well  approaching  the  bottom  of  the  eduction 
pipe  to  surge  more  violently  than  it  would  if  it  were  allowed 
to  rise  in  the  well  around  the  eduction  pipe  to  its  normal 
height,  as  it  does  in  the  side  inlet  system.     It  is  claimed  for 
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pumps  built  in  this  way  that  this  surging  promotes  the  en- 
trance of  the  water  and  air  into  the  eduction  pipe  in  a  manner 
conducive  of  high  efficiency. 

Central  Air  Tube  Pump. — Fig.  6  (c)  shows  the  central  air 
tube  pump  which  uses  the  well  casing  as  the  discharge  pipe, 
and  introduces  the  air  through  a  small  pipe  usually  fitted  with 
some  special  device  or  foot-piece  attached  to  the  bottom 
through  which  the  air  escapes.  Usually  a  number  of  small  holes 
are  drilled,  or  a  number  of  slits  cut  into  the  lower  joint  of  pipe 
and  the  end  plugged.  An  objection  to  this  method  is  that  when 
the  well  is  cased  for  only  a  portion  of  the  distance,  the  air  and 
water  may  escape  out  of  the  well  into  fissures  in  the  rock.  The 
hydraulic  radius  of  the  water  passage  in  the  discharge  pipe 
is  reduced  by  the  air  pipe,  which  increases  the  frictional  losses 
and  so  diminishes  the  efficiency,  but  in  this  method  of  piping 
the  entire  cross-section  of  the  well,  less  the  area  of  the  air  pipe, 
is  available  for  use  as  a  discharge  pipe ;  so  a  well  piped  in  this 
w^ay  will  have  a  greater  theoretical  capacity  than  wells  of  the 
same  size  piped  by  the  other  methods;  notwithstanding  the 
obstruction  caused  by  the  central  air  pipe.  This  fact  is  showm 
by  the  following  comparison  of  the  three  methods.  Assum- 
ing in  each  case  that  the  wells  are  of  6  inches  diameter,  the 
largest  eduction  pipe  which  can  be  got  into  the  well  with  a 
1-inch  air  pipe  beside  it,  is  314  inches  in  diameter,  while  in  the 
annular  tube  method  of  piping  a  4Vi»-inch  eduction  pipe  can  })e 
accommodated.  In  the  central  tube  system  it  is  assumed  that  a 
11/4-inch  air  pipe  is  used  with  the  6-inch  casing  serving  as  the 
eduction  pipe.  The  tabulated  values  of  the  areas  and  perimeters 
of  the  pipes  were  taken  from  the  table  of  standard  dimensions 
of  wrought  iron  and  steel  pipe  published  in  the  Crane  Com- 
pany's catalogue.  It  may  be  noted  in  the  following  tabulation 
that  the  hydraulic  radius  of  the  central  air  tube  pump  is  less 
than  that  of  the  annular  tube  pump,  but  the  net  area  of  the 
former  is  nearly  twice  as  large  as  that  of  the  latter.  The  dis- 
charge through  a  pipe  under  a  given  head  is  proportional  to 
the  product  of  the  area  and  the  square  root  of  the  hydraulic 
radius  of  the  pipe.  This  product  has  been  calculated  and  tabu- 
lated in  the  last  column  and  shows  the  relative  capacities  of 
the  wells  piped  according  to  the  three  different  methods,  as- 
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suming  the  value  of  the  coefficient  of  pipe  friction  and  slip  to 
be  the  same  in  all  three  eases. 


«?..^^  Nominal      imate 

Htze      '  NetAiea 

of       I  of  Edue- 

Air      I       lion 

Pipe, in         ipe.  in 

Incho-s.  1     Hiiuar** 

luches. 


Side  Inlet 
Pump 

Annular  Tulx> 

Pump , 6 

I 
Central  Air  Tube 

Pump 


Combination  Pump. — Pig.  6  (d)  shows  a  combination  of  the- 
annular  air  tube  and  central  air  tube  methods  of  piping.  It 
is  evident  that  the  hydrostatic  head  in  the  well  cannot  bo 
greater  than  that  due  to  the  ground  water  to  permit  of  con- 
tinuous operation.  .Therefore,  no  special  advantage  is  to  be 
gained  in  introducing  compressed  air  above  the  water  surface 
in  the  well,  unless  the  increased  surging,  due  to  the  less  depth 
of  water  on  the  outside  of  the  eduction  pipe,  might  effect  the 
size  of  bubbles  of  air  admitted.  The  results  of  the  authors'  ex- 
periments show,  that  with  the  well  piped  according  to  the  side 
inlet  method  using  a  Harris  Air  Pump  Company's  foot-piece, 
there  was  no  appreciable  difference  when  compressed  air  was 
introduced  above  the  water  surface  in  the  well  and  when  the 
well  was  open  to  atmospheric  pressure,  the  percentage  of  sub- 
mergence and  lift  being  the  same  in  both  cases.  The  cut  shows 
this  system  with  a  patented  fcot-piece  on  the  end  of  the  air- 

Multiple  Air  Lift  Pump. — When  the  lift  is  very  high  and  the 
proper  submergence  difficult  to  obtain,  the  arrangement  shown 
in  F')cr  7  nipv  be  "^''^^  where  the  cross-section  of  the  well  per- 
mits of  its  use.  This  arrangement  employs  a  series  of  suc- 
cessive lifts  and  it  is  claimed  that  it  works  more  economically 
than  when  the  water  is  raised  in  a  single  lift.     The  cross-sec- 
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tional  area  of  the  ordinary  deep  well  will  not  permit  of  such  an 
arrangement,  but  it  may  be  used  to  advantage  in  a  mine  shaft. 


^11 IM 
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ir  Outlet 


VA' 


6 Pipe,  ^'hng 


I* 


.«! 


Drain  Ho/es 
Jam  Nut 


Ffg.  7.— Multiple  Air  Lift. 


Pig.  8.— Air  Separator. 


Feturn  Air  l*vmp. — In  rising  through  the  eduction  pipe  there 
is  a  transfer  of  heat  between  the  air  and  the  water ;  the  tempera- 
ture of  the  two  being  practically  equal  at  the  point  of  discharge. 
Therefore,  where  the  air  lift  is  being  used  to  pump  from  under- 
ground supplies,  the  temperature  of  the  air  issuing  from  the 
discharge  pipe  wnll  be  cooler  than  the  atmosphere  during  the 
warm  months  of  the  year.  For  each  five  degrees  fall  in  the 
temperature  of  the  free  air  entering  the  compressor,  a  saving  of 
about  one  per  cent,  in  tlie  expenditure  of  energy  used  in  doing 
the  w^ork  of  compression  may  be  effected.  Hence,  where  the 
wells  are  situated  in  close  proximity  to  the  powder  house,  con- 
siderable economy  may  be  effected  by  connecting  the  air  inlet 
of  the  air  cylinder  of  the  compressor  with  the  top  of  the  well 
casing  head.  An  air  separator  used  for  this  purpose  consists 
of  a  cylindrical  drum  about  18  inches  in  diameter  and  8  or  10 
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feet  long,  attached  to  the  easing  head  from  the  side  of  which 
the  discharge  from  the  well  passes  out  and  from  the  top  the 
air  is  piped  to  the  compressor.  An  air  separator  is  shown  in 
Pig.  8.  The  return-air  method  of  piping  may  be  used  with  any 
of  the  types  of  pumps  shown  in  Figs.  6  and  7. 


Aif  Lit*  Pumji 


^ 


,,  I'l 


Fig.  9.— Air  Lift  Pumping  Plant. 

The  air  separator  described  above  is  useful  also  where  it  is 
desired  to  pump  to  points  situated  some  distance  from  the 
well,  as  described  on  page  42. 

Diverging  Outlet  Fvmp. — "When  the  eduction  pipe  is  of  uni- 
form diameter  throughout,  as  shown  in  Figs.  3,  6,  7  and  9,  the 
discharge  occurs  at  quite  high  velocity,  resulting  in  a  con- 
siderable loss  of  energy.  To  conserve*  this  kinetic  energy  of 
the  water  Mr.  Jos.  Price,  an  English  engineer,  fitted  his  pump 
with  an  eduction  pipe  which  increased  in  diameter  towards  the 
top,  so  that  as  the  compressed  air  expanded  in  rising  the 
velocity  would  not  be  greatly  increased.  This  device  could  be 
used  with  any  type  of  foot-piece  and  any  method  of  piping. 
A  few  experiments  by  the  authors  indicate  that  a  considerable 
saving  may  be  effected  by  the  use  of  a  diverging  outlet  of 
proper  design. 
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The  Plant 

An  air  lift  pumping  plant  comprises  the  motive  power,  an 
air  compressor,  an  air  receiver,  and  an  air  pipe  leading  to  one 
or  more  pumps  such  as  have  been  described  in  the  preceding 
paragraphs.  Fig.  9  serves  to  illustrate  in  a  general  way  the 
machinery  and  other  essential  apparatus. 

The  compressor  and  receiver  should  be  located  where  the  ex- 
pense of  installing  and  operating  the  plant  w^ll  be  the  least. 
They  are  often  situated  a  considerable  distance  from  the  wells. 
The  power  used  to  drive  the  compressor  may  be  either  steam, 
electric,  water,  or  internal  combustion  engines. 

The  Compnsscr. — The  type  of  compressor  installed  will  de- 
pend on  the  pressure  required  to  pump  the  wells,  the  nature 
and  amount  of  power  available  for  compressing  the  air,  and 
the  number  and  size  of  the  wells.  Where  the  pressure  required 
is  small  and  the  quantity  to  be  compressed  not  very  large,  the 
ordinary  straight  line  or  duplex  compressor  may  be  used. 
Where  high  air  pressures  are  necessary  economy  demands  the 
cross  compound  type  fitted  with  an  intercooler. 

The  Ueciivcr. — Th^  receiver  is  used  to  store  and  equalize  the 
air  pressure.  It  acts  in  much  the  same  way  as  the  air  cham- 
ber on  a  force  main  and  reduces  the  effects  of  the  pulsations 
of  the  compressor.  It  also  acts  as  a  separator  to  catch  the 
water  and  oil  which  are  carried  by  the  air.  It  is  quite  necessary 
to  provide  some  kind  of  a  separator  for  this  purpose  to  prevent 
the  air  pipes  becoming  clogged,  and  where  a  foot-piece  with 
small  air  openings  is  used  it  is  especially  desirable  to  have  the 
air  free  from  any  clogging  material.  The  air  receiver  is 
usually  built  of  boiler  iron  and  designed  so  as  to  permit  a 
steady  flow  of  air  to  the  well.  The  air  from  the  compressor 
passes  down  from  the  top  of  the  receiver  through  a  pipe  and 
discharges  beneath  the  surface  of  some  water  which  is  usually 
kept  in  it.  The  outlet  pipe  for  the  air  is  located  near  the  top 
of  the  receiver,  and  a  drain  is  provided  at  the  bottom  to  carry 
away  the  oil  and  water. 

The  Air  lAnc. — From  the  receiver  the  main  air  line  runs  to 
the  wells.    The  piping  to  the  wells  should  be  arranged  to  avoid 
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unnecessary  valves,  elbows  and  bends,  as  these  reduce  the  effi- 
ciency of  the  plant.  The  same  precaution  should  also  be  taken 
in  the  design  of  the  water  pipes.  A  valve  should  be  placed  on 
the  air  main  in  the  power  house  so  that  the  wells  may  be  con* 
trolled  from  a  central  point.  It  is  desirable  to  place  a  regulat- 
ing and  a  stop  valve  at  each  well  so  that  after  the  proper 
amount  of  air  has  been  adjusted  to  the  conditions  of  lift,  sub- 
mergence, etc.,  at  the  well,  it  will  not  be  necessary  to  disturb 
the   adjustment  in  order  to  shut  down  the  well. 

In  the  following  pages  the  discussion  will  be  confined  to  the 
air  lift  pump  alone,  leaving  out  of  consideration  the  efficiency 
of  the  air  transmission  pipes,  compressors  and  other  appurte- 
nances, which  have  an  important  bearing  on  the  desirability 
of  installing  air  lift  pumping  plants,  but  the  consideration  of 
which  is  beyond  the  scope  planned  for  this  bulletin. 
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DISADVANTAGES  OF  THE  AIR  LIFT  PUMP 

The  air  lift  pump,  in  common  with  every  other  device,  has  a 
Jiumber  of  disadvantages,  the  principal  ones  being  its  low  effi- 
ciency, the  great  depth  of  submergence  required  and  its  poor 
adaptability  to  conditions  requiring  the  discharge  to  be  con- 
veyed great  horizontal  distances. 

Low  Efficiency. — Tlie  most  serious  of  the  above  mentioned 
•disadvantages  is  the  low  hydraulic  efficiency  of  the  pump.  The 
pump  is  generally  credited  with  efficiencies  of  only  25  to  33 
per  cent,  but  notwithstanding  the  low  efficiency  of  the  pump 
itself,  the  entire  air  lift  pumping  plant  in  some  cases  develops 
.a  duty  which  compares  favorably  wdth  other  systems  of  pump- 
ing. 

Great  Depth  of  Submergence. — A  single  air  lift  pump  cannot 
T)e  used  in  a  shallow  well  or  reservoir  except  to  raise  the  liquid 
a  very  small  distance,  owing  to  the  high  percentage  of  the  total 
length  of  the  pump  which  must  be  submerged  to  give  good 
efficiencies.  This  fact  limits  the  field  of  the  air  lift  pump  prin- 
cipally to  deep  well  pumping.  The  multiple  stage  pump  de- 
scribed on  page  37  overcomes  the  difficulty,  but  probably  at  the 
cost  of  reduced  efficiency. 

Limited  Horizontal  Pumping. — Several  plants  have  been  in- 
stalled where  the  air  lift  was  used  to  pump  the  water  a  con- 
siderable horizontal  distance  after  it  had  been  raised  to  the 
surface  of  the  ground,  but  such  plants  are  not  considered  effi- 
cient. The  air  in  passing  through  the  horizontal  or  even  an 
inclined  pipe,  is  not  likely  to  be  evenly  distributed  throughout 
the  cross-section  of  the  pipe,  but  is  likely  to  pass  along  under 
the  upper  side,  allowing  a  large  space  in  the  lower  portion  of 
the  pipe  for  the  water  to  slip  back  past  the  bubble.  In  a  hori- 
zontal pipe  the  air  cannot  exert  any  buoyant  effort  to  aid  in 
discharging  the  water,  and  its  expansive  force,  which  might 
l3e  used  in  overcoming  pipe  friction  is  not  likely  to  be  effective 
on  account  of  the  serious  amount  of  slip  which  occurs  under 
these  conditions.  "Where  it  is  desired  to  convey  the  water  to 
a  point  distant  horizontally  from  the  well,  the  eduction  pipe 

'   [446] 


Digitized  by 


Google 


DAVIS   &    WEIDNER— THE     KIR    LIFT    PUMP  43 

should  be  carried  vertically  above  the  well  a  height  equal  to 
the  friction  head  of  the  water  in  the  horizontal  conductor,  and 
at  its  top  it  should  be  fitted  with  an  air  separator,  such  as  the 
one  described  on  page  39.  From  the  separator  the  water  would 
flow  by  gravity  to  the  desired  point. 

Aeration, — The  thorough  aeration  of  the  water  pumped  is 
generally  regarded  as  an  advantage,  but  under  some  circum- 
stances it  is  a  disadvantage.  It  doubtless  promotes  the  rust- 
ing and  consequent  destruction  of  the  eduction  pipe  and  in 
some  cases  causes  a  deposit  of  salts  which  clogs  the  water  pass- 
ages, especially  in  the  foot-piece.  The  opinion  has  also  been 
expressed  that  compressed  air  causes  an  excessive  growth  of 
algae.  The  bacterial  content  of  water  is  somewhat  increased 
by  the  air  lift  unless  the  air  supply  is  filtered. 
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ADVANTAGES  OF  THE  AIR  LIFT  PUMP 

The  air  lift  pump  possesses  many  features  which  give  it  de- 
cided advantages  over  other  types  of  pumps,  when  applied  to 
certain  conditions. 

Large  Capacity. — Its  principal  claim  to  superiority  lies  in  its 
hirge  capacity.  When  the  conditions  are  suitable  for  its  in- 
stallation, an  air  lift  pump  will  discharge  more  liquid  from  a 
well  of  small  bore  than  will  any  other  type  of  pump.  This  is 
due  to  the  fact  that  almost  the  entire  cross-sectional  area  of 
the  well  is  available  for  the  flow  of  liquid  and  the  action  is 
nearly  continuous.  The  quantity  that  can  be  discharged  by 
an  air  lift  pump  is  only  limited  by  the  capacity  of  the  well  and 
the  expense  of  pumping  at  unreasonably  high  rates;  while 
deep  well  pumps,  the  majority  of  which  are  single  acting,  limit 
the  discharge  by  the  allow^able  piston  speed,  w^hich  usually 
does  not  exceed  100  feet  per  minute.  The  air  lift  affords  a 
ready  means  for  testing  the  capacity  of  a  well  even  if  it  is  not 
to  be  permanently  installed. 

Loiv  Maintf  nance  Coat. — Owing  to  the  simplicity  of  the  pump 
the  expense  of  maintenance  of  the  plant  is  very  low,  and  is  due 
principally  to  the  expenses  in  connection  with  the  compressor. 
The  operation  of  the  air  lift  is  exceedingly  simple  and  the  life 
of  the  pump  is  almost  indefinite.  Sometimes  the  air  pipes  and 
foot-piece  become  clogged  wnth  the  oil  carried  over  from  the 
compressor  cylinders  and  in  that  case  have  to  be  removed  and 
cleaned,  but  this  rarely  occurs,  and  when  it  does  the  cost  is 
small  compared  with  the  cost  of  replacing  a  mechanical  pump. 
The  fact  that  there  are  absolutely  no  moving  parts  in  the  well 
makes  the  pump  especially  fitted  for  handling  dirty  or  gritty 
water,  sewage,  mine  water  and  acid  or  alkaline  solutions  in 
chemical  or  metallurgical  w^orks,  or  other  corrosive  liquids, 
^lechanical  pumps  suffer  from  fine  sand  in  the  water,  which 
cuts  the  packing,  plungers,  and  valves  in  a  short  time  and 
makes  frequent  repairs  necessary.  To  repair  such  pumps  they 
have  to  be  stopped  for  a  period  of  several  days,  resulting  in  a 
consequent  waste  of  time  and  increase  in  expenses.     Liquids 

[448] 


Digiti 


ized  by  Google 


DAVIS   &    WEIDNER— THE    AIR    LIFT    PUMP  45 

that  attack  metals  such  as  brine,  sulphuric  acid,  etc.  may  be 
pumped  by  the  air  lift  pump,  because  the  pump  and  appurte- 
nances may  be  replaced  at  a  small  expense  and  loss  of  time. 
The  application  of  the  air  lift  as  a  dredge  pump  has  been  tried 
and  found  successful,  but  it  has  not  been  extensively  used  for 
this  purpose. 

Low  Operating  Cost, — In  places  where  the  wells  are  scattered 
over  a  considerable  area,  or  are  remote  from  the  powder  house, 
the  air  lift  pump  has  an  advantage  over  the  steam  driven  pump. 
In  a  deep  well  pump  driven  by  steam  each  well  must  be 
equipped  with  a  separate  engine  and  w^orking  barrel,  which 
entails  heavy  condensation  losses  through  long  steam  supply 
pipes.  The  expense  of  attendance  of  a  plant  of  this  sort  with 
its  scattered  pumping  units  is  great.  In  the  air  lift  pump  the 
transmission  loss  is  much  smaller  and  as  no  attendance  at  the 
well  is  required,  they  may  be  put  in  operation  or  controlled 
by  a  valve  in  the  power  house. 

Not  Affvcicd  bij  High  Temprratures. — Fluids  of  different  den- 
sities and  temperatures  may  be  handled  to  advantage  by  the 
air  lift  in  cases  where  the  use  of  other  types  of  pumps  would  be 
l)rohibited.  In  the  case  of  a  hot  liquid  the  air  absorbs  part  of 
the  heat  of  the  liquid  and  hence  is  increased  in  volume,  so  that 
the  discharge  of  liquid  for  the  same  expenditure  of  free  air  is 
greater  with  hot  than  with  cold  liquids.  This  results  in  a  con- 
siderable gain  in  eflficieney  for  the  pump. 

Aeration.— Where  the  water  is  to  he  used  for  a  domestic  sup- 
ply and  there  are  impurities  in  it  such  as  iron,  it  has  been 
noticed  that  the  iron  is  oxidized  by  the  aeration  of  the  water 
and  the  supply  is  thereby  improved.  Aeration  is  especially 
advantageous  in  the  pumping  of  sewage  on  account  of  the  aid 
it  gives  in  the  oxidation  of  the  impurities. 

ReUahility. — Air  lift  pumps  are  not  liable  to  sudden  stoppages 
or  breakdowns. 
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WISCONSIN  EXPERIMENTS 


The  experiments  made  by  the  writers  at  the  Hydraulic  Lab- 
oratory of  the  University  of  Wisconsin,  were  begun  during  the* 
summer  of  1908  and  were  continued  at  various  times  there- 
after with  modifications  in  the  apparatus. 

Notation 

The  notation  and  definitions  used  in  the  following  discussion' 
are  given  below: 

**  Reading  *'  is  the  term  used  to  designate  a  single  value  ob- 
tained by  the  inspection  of  the  scale  of  an  instrument. 

''Run'*  is  used  to  designate  such  a  combination  of  readings^ 
made  under  practically  constant  conditions,  as  form  a  com- 
plete unit  in  the  result. 

''Series"  is  used  to  designate  those  runs  made  with  varying 
rates  of  pumping  but  with  constant  conditions  of  apparatus. 
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DESCRIPTION  OF  APPARATUS— 1908  EXPERIMENTS 

The  1908  experiments,  comprising  runs  1  to  318,  inclusive, 
were  made  with  the  apparatus  arranged  as  shown  diagramraati- 
cally  in  Fig.  10. 

EducHon  Pipi. — In  this  series  of  experiments  the  eduction 
pipe,  which  consisted  largely  of  l^/i-inch  glass  tubing  supported 
by  a  slotted  2-inch  iron  pipe,  was  exposed  to  view,  thus  afford- 
ing opportunity  to  observe  the  air  and  water  rising  in  the  pipe. 
The  upper  end  of  the  glass  pipe  was  coupled  to  a  li4-inch  iron 
pipe,  about  a  foot  long,  on  the  upper  end  of  which  w^as  a  east 
iron  elbow  fitted  with  a  nipple  2  inches  long.  A  piece  of  canvas 
fastened  to  this  nipple  deflected  the  spray  downward  into  a 
4-inch  galvanized  spout.  This  arrangement  provided  a  free 
discharge  into  the  air  at  the  elevation  of  the  elbow. 

Foot-Viva. — The  foot-piece  used  in  the  1908  experiments  was 
a  No.  2  Harris  air  pump*  having  a  IVi-inch  discharge,  a  IV2- 
inch  suction,  and  i/>-inch  air  pipe.  A  sectional  view  of  the  foot- 
piece  used  is  shown  in  Fig.  11  (a)  and  an  exterior  view  in 
Fig.  12. 

The  Harris  pump,  as  described  in  patent  No.  814,  601,  con- 
sists essentially  of  an  ejector  having  a  contracted  passageway 
formed  by  a  sleeve  snugly  fitted  into  its  upper  end,  and  having 
immediately  below  the  sleeve  a  nozzle  screwed  into  an  air  pipe. 
The  walls  of  the  ejector  are  enlarged  about  the  air  tube  so  that 
the  dimensions  of  the  passageway  through  the  ejector  are  sub- 
stantially uniform.  The  air  nozzle  in  the  ejector  differs  from 
the  form  described  in  the  above  patent,  in  having  the  air  dis- 
charge into  the  body  of  the  ejector  through  a  circular  slot  in 
the  end  of  the  nozzle,  instead  of  from  an  open  diverging  tube. 
The  sleeve  and  nozzle  are  shown  in  their  relative  positions  in 
Fig.  12. 

Tail-Piecr. — As  used  in  the  1908  experiments  the  foot-pie^o 
was  connected  by  a  short  nipple  to  a  reducing  flange  on  the 
top  of  a  6-inch  flanged  cast  iron  tee.    This  arrangement  made 

*  Made  by  the  Harris  Air  Pump  Co.,  Indianapolis,  Ind. 
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Fig.  10.— Experimental  Apparatus— 1006  Experiments. 
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Pig.  12.— Foot-Pieces  Used  in  Wisconsin  Experiments. 
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the  entrance  to  the  pump  approximately  one  foot  below  the  air 
inlet. 

Water  Supply. — The  water  supply,  controlled  by  a  1-ineh 
valve,  entered  the  tee  through  the  branch,  the  water  passing 
through  a  2-inch  cross  in  which  was  inserted  an  iron  ther- 
mometer well.  The  bulb  of  the  thermometer  in  the  well  was  sur- 
rounded by  mercury  in  order  to  make  the  thermometer  respond 
quickly  to  changes  in  the  temperature  of  the  water. 

For  the  purpose  of  determining  the  head  of  water  at  the 
air  inlet,  a  i/4-inch  nipple  was  tapped  into  the  top  of  the  6-inch 
tee  and  was  connected  by  means  of  a  li/4-inch  glass  tube, 
marked  water  gage  in  Fig.  10.  A  large  glass  tube  was  used 
in  order  to  reduce  the  amplitude  of  the  oscillations  due  to  the 
variations  of  pressure  caused  by  the  surges  of  air  in  the  educ- 
tion pipe.  The  head  of  water  was  varied  during  the  experi- 
ments by  adjusting  the  height  of  the  outlet  of  the  overflow  hose. 
This  overflow  hose  was  quite  necessary  for  the  proper  working 
of  the  pump  as  it  served  as  a  reservoir  and  standpipe,  which 
regulated  the  flow  of  water  to  the  well  and  kept  the  sub- 
mergence constant  at  different  rates  of  pumping.  The  rate  of 
pumping  was  determined  by  weighing,  on  a  platform  scale,  the 
"Water  discharged  in  a  given  interval  of  time. 

Air  Supply. — The  air  used  in  the  experiments  was  dra^vTi  from 
one  of  the  storage  tanks  of  the  University  pneumatic  pressure 
water  works  plant.  This  tank  had  a  capacity  of  approximately 
3,000  cubic  feet  and  was  normally  maintained  at  about  140 
pounds  pressure,  but  during  the  air  lift  experiments  the 
pressure  was  often  reduced,  owing  to  the  use  of  the  air,  to  the 
minimum  under  which  the  air  lift  would  work.  An  automatic 
reducing  regulating  valve  controlled  the  flow  from  the  stor- 
age tank  so  as  to  maintain  a  practically  uniform  pressure  in 
the  receiving  tank  at  the  air  orifice  described  below. 

The  quantity  of  air  supplied  to  the  air  lift  was  controlled 
by  a  valve  in  the  i4-inch  supply  pipe  near  the  foot-piece.  The 
temperature  of  the  air  was  measured  by  a  mercury  thermome- 
ter placed  in  a  well  similar  to  the  one  used  to  measure  the 
temperature  of  the  water.  It  was  placed  in  a  2-inch  tee  on  a 
branch  leading  from  the  main  air  pipe.  A  rubber  tube,  one 
end  of  which  connected  to  the  tee  and  the  other  end  of  which 
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terminated  in  a  glass  lube,  served  to  transmit  the  air  pressure 
at  the  tee  to  the  air  space  in  the  upper  part  of  the  lower 
bottle  on  a  water  gage.  The  pressure  head  in  the  air  at  the 
2-inch  tee  was  indicated  in  feet  of  water  by  the  difference 
of  elevation  between  ihe  water  surfaces  in  the  two  bottles.  A 
%-inch  hole  in  the  side  of  the  upper  bottle  insured  the  pres- 
sure in  this  bottle  being  equal  to  that  of  the  atmosphere. 
The  two  bottles  were  connected  by  rubber  hose,  the  ends  of 
which  terminated  in  short  glass  tubes  under  the  surface  of  the 
water  in  both  bottles.    As  the  pressure  of  the  air  used  in  the 
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Fig.  13.— Drum  and  Orlflce  for  Air  Measurement. 

different  experiments  varied,  the  height  of  one  or  both  of  the 
bottles  was  changed  so  as  to  prevent  the  surface  of  the  water 
disappearing  in  the  tube  or  overflowing  through  the  vent  hole. 
Bottles  were  used  instead  of  glass  tubes  in  this  gage,  in  order 
to  provide  larger  water  surfaces,  thus  reducing  the  oscillations 
of  the  surfaces  to  one  or  two  hundredths  of  a  foot,  instead  of 
two  feet  or  more  which  occurred  when  a  tube  was  tried. 

Air  Measurement. — I'o  determine  the  quantity  of  air  used  in 
the  experiments  a  standard  sharp  edged  orifice,  shown  in  Fig. 
13,  was  used.  Its  diameter  w^as  measured  by  a  Starrett  mi- 
crometer caliper  reading  to  1/1000  of  an  inch  and  was  found 
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to  be  0.480  inches.  It  was  made  of  brass  and  was  arranged 
to  screw  into  an  iron  plate  flush  with  its  surface  on  the  high 
pressure  side.  The  iron  orifice  plate  was  bolted  between  two 
sections  of  10-inch  iron  pipe.  The  air  supply  entered  the  longer 
section  of  10-inch  pipe  through  a  2-inch  pipe.  A  Bourdon 
pressure  gage  connected  to  the  drum  was  used  to  indicate  the 
pressure  in  the  drum  while  adjusting  the  pressure  regulating 
valve.  During  the  experiments  the  pressure  in  the  high  pressure 
side  of  the  drum  was  more  precisely  determined  by  means  of  a 
mercury  U  tube  gage,  shown  at  A  in  Fig.  15,  connected  to  the 
drum  by  a  54 -inch  iron  pipe  at  a  point  6  inches  from  the  face  of 
the  orifice  plate.  During  the  1908  experiments  about  100  feet  of 
i^-inch  pipe  connected  the  orifice  drum  with  the  air  lift  pump. 
In  Fig.  13,  one  of  the  thermometer  wells,  used  for  measuring 
the  temperature  of  the  air  and  of  the  water  at  the  pump,  is 
shown  in  detail.  A  mercurial  thermometer  placed  in  a  similar 
well  was  used  to  determine  the  temperature  of  the  air  in  the 
orifice  drum. 

To  measure  the  difference  of  head  on  the  two  sides  of  the 
orifice  a  bottle  gage  of  special  design,  was  connected  to  the 
orifice  drum  by  i/4-inch  pipe  at  the  points  shown  in  Fig.  13. 
The  bottle  gage  is  shown  in  Figs.  14  and  15.  It  consisted  of 
two  inverted  clear  glass  bottles  about  half  filled  with  water 
and  connected  by  a  glass  U  tube,  which  passed  through  the 
stoppers  but  ended  below  the  water  surface.  The  air  pressures 
on  the  two  sides  of  the  orifice  were  transmitted  to  the  air 
spaces  in  the  bottles  by  tubes  which  passed  through  the 
stoppers  and  ended  above  the  water  surface.  When  the  press- 
ures were  equal  the  water  stood  at  the  same  level  in  both 
bottles,  but  w^hen  unequal  the  difference  of  pressure  was  bal- 
anced by  the  difference  in  the  heights  of  the  w^ater  surfaces. 
This  difference  in  height  was  measured  by  means  of  two 
pointed  brass  rods  which  were  coated  with  grease  and  slid 
through  holes  in  the  rubber  stoppers.  In  use  the  two  rods  were 
raised  or  lowered  by  a  small  w^orm  gear  until  their  points  were 
in  the  level  water  surfaces  in  the  bottles,  the  relative  elevations 
of  the  points  being  then  determined  by  means  of  the  scales 
and  verniers  attached  to  the  rods  and  reading  to  1/1000  of  a 
foot.    To  get  the  actual  difference  of  elevation  of  the  points, 
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Fig.  14.— (Jacos  T'sod  In  1!>(M)  Experiments. 
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or  of  the  water  surfaces,  it  was  necessary  to  deduct  from  the 
difference  indieated  by  the  vernier  readings  a  similiar  difference 
indicated  when  the  air  pressure  in  the  bottles  was  equal,  as 
when  the  tubes  wei*e  (ipcn  to  the  atmosphere.  The  scale  and 
vernier  on  the  high  pressure  li(»ttle  were  arranged  to  give  read- 
ings increasing  downward,  while  those  on  the  low  pressuj-e 
bottle  gave  readings  increasing  upward.  This  arrangement 
made  the  eomputations  easy,  for  in  order  to  ealeulate  the  true 
difference  of  elevation  of  the  water  surfaces  it  was  only  neces- 
sary to  subtract  the  sum  of  the  initial  or  equal  pressure  vernier 
readings  from  the  sum  of  the  average  vernier  readings  of  any 
run.  This  arrangement  of  the  veniiers  and  scales  also  nulli- 
fied the  effect  of  any  lenkage  of  water  during  an  experiment, 
since  a  lowering  of  the  water  surfaces  by  leakage  would  in- 
crease the  high  pressure  readings  the  same  amount  that  it  would 
decrease  the  low  pressure  readings,  the  sutii  of  the  two  remain- 
ing the  same.  The  leakage  through  the  stoppers  was  very 
slight;  not  requiring  replenishing  in  a  year  and  a  half. 
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DESCRIPTION  OP  APPARATUS— 1909  EXPERIMENTS 

The  1909  experiments,  comprising  runs  319  to  608,  inclusive^ 
were  made  with  the  purpose  of  determining  the  effect  of  varia- 
tions in  the  length  of  the  eduction  pipe,  the  form  of  the  foot- 
piece,  the  presence  of  compressed  air  in  the  casing,  and  other 
features.  These  experiments  required  that  the  apparatus  aa 
originally  set  up  be  changed  somewhat. 

The  general  arrangement  of  the  apparatus  as  used  in  the  1909* 
experiments  is  shown  in  Fig.  15. 

Well. — There  was  some  doubt  as  to  whether  the  arrangement^ 
used  in  the  1908  experiments,  for  introducing  the  water  inta 
the  eduction  pipe  represented  closely  enough  the  working  con- 
ditions of  a  pump  in  an  actual  well,  and  it  was  further  desired 
to  find  the  effect  of  compressed  air  outside  of  the  eduction  pipe- 
In  the  1909  experiments  the  pump  was,  therefore,  placed  in  a 
well  which  consisted  of  a  6-inch  wrought-iron  pipe  22  feet  long,, 
capped  at  the  top  and  flanged  at  the  bottom  to  a  6-inch  tee. 

Eduction  Pipe, — The  eduction  pipe  was  the  same  as  used  in 
the  1908  experiments.  The  entire  glass  portion  of  the  pipe 
with  its  supporting  slotted  2-inch  iron  pipe  was  suspended  in 
the  well  from  the  cap.  During  runs  319  to  379,  inclusive,  the 
length  of  the  eduction  pipe  from  the  air  inlet  to  the  center  of 
the  elbow  was  19.32  feet  as  in  the  previous  experiments.  Dur- 
ing runs  381  to  440,  inclusive,  the  length  was  26.74  feet,  the 
increase  being  made  by  adding  a  length  of  1^  inch  iron  pipe 
above  the  well  top.  During  runs  441  to  460  the  length  was 
41.50  feet,  the  addition  being  made  as  above.  Runs  461  to  50O 
inclusive  were  made  with  different  forms  of  foot-pieces  which 
made  slight  variations  in  the  length,  42.08  feet  for  runs  461-480 
and  41.6  feet  for  runs  481-500. 

Fool-Piece, — ^During  runs  319  to  460,  inclusive,  the  same  Har- 
ris foot-piece  was  used  as  was  used  in  the  1908  experiments^ 
An  Indiana  foot-piece*  was  used  during  runs  461  to  480.  It 
was  a  1^-inch  foot-piece  reduced  to  ll^-inch  by  a  reducer  at 


•  Presented  by  the  Indiana  Air  Pump  Co.,  Indianapolis,  Ind. 
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the  top.  During  runs  481  to  500  the  foot-piece  used  con- 
sisted of  a  common  cast-iron  reducing  tee,  the  eduction  pipe, 
tail-piece  and  air  pipe  entering  the  tee  only  so  far  as  ah 
lowed  by  the  standard  threads  on  their  ends,  as  shown  in  Pig. 
11  (c).  'The  Harris  foot-piece  has  already  been  described  on 
page  48.  The  Indiana  foot-piece  was  developed  from  the 
Harris  foot-piece,  the  object,  as  stated  in  the  patent  specifica- 
tions, being  to  produce  a  simple,  efficient,  center-nozzle  air  lift. 
This  foot-piece  is  shown  in  Pigs.  11  (b)  and  12,  the  various 
parts  being  indicated.  In  Pig.  12  the  strainer  has  been  removed 
to  show  the  lower  part  of  the  nozzle,  and  the  mixing  tube  or 
sleeve,  into  which  the  nozzle  discharges  the  air,  has  also  been 
removed  and  placed  beside  the  foot-piece.  The  reducer  can  be 
seen  at  the  upper  end  of  the  foot-piece. 

Tail-Piece. — In  the  1908  experiments  the  tail-piece  was  only 
about  2  inches  long.  Under  the  conditions  of  the  apparatus 
used  in  these  experiments,  any  air  which  may  have  escaped 
from  the  bottom  of  the  eduction  pipe  into  the  6-inch  tee  would 
have  been  carried  into  it  again  by  the  water.  Under  the  con- 
ditions of  the  apparatus  used  in  the  1909  experiments  such 
would  not  have  been  the  case.  A  tail-piece  consisting  of  1  foot 
of  1%-inch  pipe  was,  therefore,  screwed  into  the  lower  end  of 
the  Harris  foot-piece,  the  length  suitable  for  the  conditions  of 
our  experiments  having  been  determined  by  correspondence 
with  the  pump  makers.  The  same  piece  of  pipe  was  used  as  a 
tail-piece  in  connection  with  the  tee  used  as  a  foot-piece  in  runs 
481  to  608.     No  tail-piece  was  used  on  the  Indiana  foot-piece. 

Water  Supply. — ^Water  was  introduced  into  the  well  by  mean? 
of  a  2-inch  pipe  connecting  the  branch  of  the  6-inch  tee  with  the 
University  main.  The  depth  of  the  water  in  the  well  was  regu- 
lated by  means  of  a  ll^-inch  overflow  pipe  connected  at  the 
lower  end  to  the  supply  pipe  and  discharging  at  its  upper  end 
into  the  air.  By  varying  the  length  of  the  overflow  pipe  any 
desired  depth  of  submergence  could  be  obtained.  Provision 
was  made,  as  in  the  1908  experiments,  for  taking  the  tempera- 
ture of  the  water  as  it  entered  the  well,  by  screwing  a  ther- 
mometer well  into  a  2-inch  tee  in  line  with  the  supply  pipe. 
The  water  was  discharged  at  the  upper  end  of  the  eduction  pipe 
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Fig.  15.— Experimental  Apparatus— 1909  Expi.Timents. 
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at  atmospheric  pressure  into  a  conductor  pipe,  by  means  of 
which  it  was  led  to  the  weighing  tank  or  discharged  as  waste. 

Air  Supply. — The  source  of  air  and  the  apparatus  for  con- 
trolling it  and  for  measuring  it  were  the  same  as  in  the  1908 
experiments,  but  in  the  1909  experiments  the  pump  was  set  up 
only  a  few  feet  distant  from  the  air  measuring  orifice.  The  air 
line  w^as,  therefore,  shorter  in  these  experiments.  At  the  wen 
the  air  line  divided  into  two  branches;  one  branch,  marked 
pump  air  pipe  in  Fig.  15,  supplying  the  pump  through  a  V^-inch 
pipe,  which  entered  the  well  through  a  stuflSng  box  in  the  cap 
of  the  well,  the  other  branch,  marked  casing  air  pipe,  introduc- 
ing the  air  into  the  casing  above  the  water  in  the  well,  through 
a  i/^-inch  pipe  screwed  into  the  cap  of  the  well. 

Gages. — There  were  four  gages  used  in  making  these  exper*- 
ments.  The  differential  bottle,  described  in  connection  with 
the  1908  experiments,  was  used  to  determine  the  difference  of 
head  on  the  air  orifice.  The  gage,  marked  A  in  Pig.  15,  was  a 
mercury  U  tube  used  for  determining  the  head  on  the  high 
pressure  side  of  the  orifice.  Gage  B  measured  the  pressure  at 
the  bottom  of  the  well,  by  means  of  which  the  equivalent  sub- 
mergence could  be  calculated,  when  air  pressure  was  exerted 
on  top  of  the  water  in  the  well.  The  actual  depth  of  water  in 
the  well  was  obtained  by  means  of  a  glass  gage  attached  to  the 
outside  of  the  well,  from  which  the  submergence  could  be  di- 
rectly calculated  when  the  water  in  the  well  w^as  open  to  at- 
mospheric pressure.  Mercury  gage  C  measured  the  air  pres- 
sure as  it  entered  the  pump,  the  valve  in  the  pump  air  line 
being  wide  open.  Air  chambers  were  used  on  gages  B  and  C 
to  dampen  the  fluctuations  of  the  gage  readings,  but  this  device 
was  unrecessary  as  the  readings  were  steady  except  when  the 
water  was  so  low  in  the  well  that  air  entered  the  pump  through 
the  tail-piece.  The  scales  on  the  gages  were  made  of  steel, 
graduated  to  hundredths  of  a  foot,  and,  by  means  of  sliding' 
verniers,  readings  could  be  obtained  to  1/1000  of  a  foot. 

Leakage  Tests: — All  pipe  joints  and  other  places  where  an 
escape  of  air  was  possible  were  tested  by  applying  soap  solu- 
tion, which  indicated  small  leaks  by  the  formation  of  bubbles. 
The  entire  apparatus  was  made  air-tight  before  any  runs  were 
made.  [464] 
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METHODS  OF  OBSERVING 

Owing  to  the  fact  that  different  types  of  gages  were  used  in 
the  1909  experiments  than  those  used  in  the  1908  experiments 
for  making  some  of  the  measurements,  the  arrangement  of  the 
data  differed  somewhat  in  the  latter  runs  from  the  arrangement 
first  used.  The  conditions  of  operation  usually  remained  quite 
constant  during  a  run,  so  that  the  gage  and  thermometer  read- 
ings varied  only  slightly,  if  at  all.  Usually  four  or  five  read- 
ings of  each  instrument  were  made  during  a  run,  the  length  of 
a  run  varying  from  3  to  15  minutes,  and  the  discharge  of  water 
varying  from  200  to  1,000  pounds.  Time  was  measured  by  a 
calibrated  stop-watch;  temperatures  were  measured  by  mer- 
curial thermometers  graduated  to  the  centigrade  scale  and  read- 
ing to  tenths  of  a  degree,  and  lengths  were  measured  in  feet. 

1908  Experiments. — Copies  of  the  complete  observed  data  of 
runs  30  and  132  are  given  below  as  samples  to  show  the  con- 
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staney  of  the  conditions  of  operation  and  the  method  of  making 
the  observations.     The  scale  by  which  data  were  obtained  for 
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computing  the  lift  and  submergence  was  inverted  and  placed 
with  its  zero  three  feet  below  the  center  of  the  outlet  of  the 
pump.  The  readings  of  the  scale,  from  its  zero  down  to  the 
water  surface  in  the  water  gage  (see  Fig.  10),  were,  therefore, 
three  feet  less  than  the  true  lift. 

1909  Experiments. — The  apparatus  for  tiie  1909  experiments 
was  so  arranged  that  only  two  men  were  needed  for  conveniently 
making  the  observations;  one  man  reading  the  gages  while  the 
other  took  the  time  of  the  run,  read  the  thermometers,  observed 
the  depth  of  water  in  the  well,  and  weighed  the  water.  The 
gages  were  read  as  nearly  simultaneously  as  possible,  by  first 
setting  the  verniers  on  all  the  different  gages  and  afterwards 
taking  the  readings.  About  four  accurate  settings  of  the  gages 
could  be  obtained  in  a  ten  minute  run.  The  thermometers  were 
read  to  a  tenth  of  a  degree  centigrade  and  the  temperature  was 
obtained  at  least  twice  during  a  run;  usually  at  the  beginning 
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and  end.  The  method  of  weighing  the  water  was  as  follows: 
The  empty  tank  weighed  about  150  poimds,  so  &  200-poiind 
weight  was  placed  on  the  scale  beam  and  the  water  diverted  into 
the  tank.  When  enough  water  had  run  into  the  tank  to  cause 
the  scale  beam  to  rise,  a  stop  watch  reading  to  l/^  of  a  second 
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was  started.  Additional  lOO-pound  weights  were  then  placed 
an  the  scale  beam  and  the  watch  was  stopped  when  the  beam 
rose  again.  The  time  and  number  of  weights  added  while  the 
watch  was  running  were  then  recorded.  The  length  of  a  run 
varied  from  3  to  15  minutes  depending  on  the  depth  of  sub- 
mergence and  the  amount  of  air  supplied  to  the  pump. 

The  readings  for  some  of  the  runs  were  taken  by  a  sin- 
gle observer,  and  it  was  not  possible  for  one  man  to  get  more 
than  two  sets  of  gage  readings  during  a  run,  the  length  of 
which  was  limited  by  the  capacity  of  the  measuring  tank.  It 
was  entirely  unnecessary  to  take  more  readings,  because  as  a 
rule  the  readings  were  identical,  and  two  readings  of  each  in- 
strument served  as  a  check  to  prevent  blunders  in  observing 
and  recording.  The  complete  data  of  runs  338  and  482  are 
given  below. 

"niB  UNIVBMITT  OV  WnOOmiN.  MYMAUUC  LAWWATOKT 

^Morris- Air  Lift   Pump ^        Run. No.  336 
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The  observed  temperatures  of  the  air  and  water  at  the  en- 
trance to  the  pump  were  not  used  in  the  computations  and 
hence  are  not  tabulated  in  the  final  results  of  Table  1. 

Most  of  the  computing  was  done  with  a  Thatcher  calculating 
instrument  and  all  computations  have  been  carefully  checked. 
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METHODS  OF  COMPUTING 

Quantity  of  Air, — The  amount  of  air  supplied  to  the  pump 
was  measured,  as  previously  stated,  by  means  of  a  circular  ori- 
fice in  a  thin  brass  plate.  The  following  formula  derived  by 
Mr.  S.  A.  Moss*  was  used  in  computing  the  discharge  through 
the  orifice. 


Q.  =  3860  c    a 


d' 


in  which 

q^  =  cubic  feet  of  free  air  discharged  per  second. 

Co  =  a  coefficient  of  discharge.  ! 

Eo  =  area  of  orifice,  in  square  feet. 

p^  =  absolute  pressure  of  air  at  upstream  side  of  orifice,  in 
pounds  per  square  inch. 

Pa  =  absolute  pressure  of  air  at  downstream  side  of  orifice,  in 
pounds  per  square  inch. 
To  =  absolute  temperature  of  air,   in  degrees    Fahrenheit,  at 
upstream  side  of  orifice. 

The  values  of  the  coefficient  of  discharge  were  obtained  from 
the  curve  shown  in  Fig.  16,  in  which  the  abscissas  represent 
the  difference  in  pressure  in  feet  of  water  between  the  up  and 
down  stream  sides  of  the  orifice,  and  the  ordinates  represent  the 
values  of  the  coefficient  of  discharge  for  an  orifice  0.48  inches 
in  diameter.  This  curve  was  plotted  from  data  published  in 
an  article  *'0n  the  Measurement  of  Air  Flowing  into  the  At- 
mosphere through  Circular  Orifices  in  Thin  Plates"  by  Mr. 
B.  J.  Durley.t 

Mr.  Durley  regards  these  data  as  being  reliable  to  within  less 
than  one  per  cent.  In  view  of  this  fact  and  the  accuracy  with 
which  the  temperature,  diameter  of  orifice,  and  difference  of 
pressure  were  measured,  the  writers  believe  the  probable  error 


♦  American  Machinist,  Volume  28.  page  193,  1905. 

t  Transactions  Am.  See.  M.  B.  Vol.  27,  page  193—1906. 
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should  be  within  one  or  two  per  eent,  in  measuring  the  quantity 
of  air. 

,62 


^.6  J 


OJSO 


.59 


pjo^ 

q^i^ 

-^ 

^ 

-^ 

^ 

^ 

OS        JO  .15         .20        .25         .30        .55        40 

DifTerenc*    in     Feat    of    Water 
Fig.  16.— Coefficient  of  Discharge  for  Air  Orifice. 


AS 


,50 


The  differemt-  in  i>re?^sure  between  the  up  and  down  stream 
sides  of  the  orifiee  was  measured  in  feet  of  water  by  means  of 
the  differential  bottle  gage  shown  in  Figs.  14  and  15.  Pu  was 
obtained  by  the  following  computation. 

(Reading  of  gage  A  in  feet  of  mercury  X  5.894) 

-l-(13arometer  reading  in  inches  of  mercury  X  0.4912) 
and  Pd  by  the  following 

Pu—  (Bottle  gage  reading  X  .4333) 

The  barometer  readings  were  taken  from  the  autographic 
record  charts  of  the  U.  S.  Weather  Bureau.  No  correction  to 
these  readings  was  made  for  a  standard  temperature,  as  the 
difference  in  elevation  between  the  Weather  Bureau  station  and 
the  Hydraulic  Laboratory  offset  this  small  correction. 

Tu  being  observed  in  degrees  Centigrade  a  constant  was  in- 
troduced in  the  formula ;  the  diameter  of  the  orifice  being  0.04 
of  a  foot  the  fonnula  then  reduced  to  the  follo\^-ing  one 


(21) 
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The  curve  shown  in  Fig.  17  is  plotted  to  give  values  of  the  eon- 

P  , 
stant  times  the  radical  for  different  values  of    — ^    which  values 

multiplied  by  proper  values  of  the  coeflScient  Co  and     give 

the  discharge  in  cubic  feet  of  free  air  per  second.    As  an  illus- 
tration, the  computations  for  run  338,  the  data  for  which  are 

/.ooo 

.999 
S9d 
J997 
.990 
.995 
.994 
.993 
.992 

991 

.990 
0    .01   .02  .03   .04  .05   .06  .07  .08  .09    .10    .11    .12    .13    .14    J5    J6    .17   J6 

F!g.  17.— Curve  lor  Computing  Discharge  of  Air  Through  Orifice. 

given  on  page  63,  will  be  used  throughout  the  following  dis- 
cussion. 

Average  difference  In  pressure  in  feet  of  water  =z  .2124 
Pu=  (2.425  X  5.894)  +  (28.95  X  .4912)  =28.512 
Pd  =  28.512— (.2124  X  .4333)  ==  28.4200 
Tu  =  300.3 

Vl\r=  17.329 
P„ 
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1.6454 


3  =.0.9967 
P.. 


3.6144       /       y~j  ~\^)  =0.1112    (Curve Fig.  17), 
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Co  =  0.6070     (Curve  Fig.  16)  % 

qa  =  1.6454  X  0.6070  X  0.1112  =  .11108 
Theoretical  Work  Done  by  Air, — ^Assuming  isothermal  expan- 
sion of  the  air  in  its  passage  through  the  eduction  pipe, — ^a  very 
reasonable  assumption  since  the  air  absorbs  heat  from  the 
water, — ^the  mechanical  work  L  done  between  the  volumes  qj  and 
Qi,  is  theoretically  as  follows* 

L  =  jpdq  =  p,q,     r*  ^iQx  loge  ^  (22) 

The  work  done  by  one  pound  of  air  in  expanding  from  an  in- 
itial pressure  Pi  to  atmospheric  pressure,  (2116.8  pounds  per 
square  foot  or  14.7  pounds  per  square  inch)  at  60°  Fahrenheit, 
the  standard  temperature  of  the  Moss  formula,  is : 

q 

L=  p,  q,  log^  — 


XJ  — 

-  -^l^l 

■°e 

•'l 

Pi 

q,=  P, 

% 

q 

_P2S 

^1 

Pi 

.     L: 

=  P2S 

log 

Pi 

P2 

(23) 

The  volume  of  one  pound  of  air  at  32°  Fahrenheit  and  14.7 
pounds  per  square  inch  pressure  is  12.3880  cubic  feet.t  The 
volume  of  one  pound  of  air  at  60°  Fahrenheit  and  14.7  pounds 
per  square  inch  pressure  is,  since 


T  T 

1  2 


14.7X12.3880  _  14.7 X*^2 
460  +  32  460-1-60 


^2  =  13.093 


*  Carpenter's  Experimental  Engineering  6th  Edition,  p.  712. 
tTrautwine,  pages  242  and  320. 


[472] 

tized  by  Google 


\ 


Digitiz 


DAVIS   &   WEIDNER— THE    AIR    LIFT    PUMP  69 


The  formula  for  L  in  foot  pounds  now  becomes 

P, 
L  =  14.7  X  144  X  13.093  X  log  ^ 

®    14.7  X  144 

or  using  logarithms  to  the  base  10, 

P, 
L  =  14.7  X  144  X  13.093  X  2.30259  X  log  ^ 

14.7  X  144 

P, 

L  =  63816.886  log l_  (24) 

2116.8 

in  which  Pi  is  expressed  in  pounds  per  square  foot.  The  curve 
Pig.  18  was  computed  by  means  of  this  formula  for  different 
values  of  Pi  and  was  plotted  to  read  pressures  in  pounds  per 
square  inch.  *  In  order  to  get  the  total  work  done,  the  value  of 
work  done  in  expanding  from  p^  to  atmospheric  pressure  is 
added  to  the  work  done  in  expanding  from  atmospheric  to  baro- 
metric pressure,  both  values  being  obtained  from  the  curve. 
In  the  1908  experiments  Pi  was  measured  by  a  water  gage 
which  gave  the  pressure  in  feet  of  water.  In  the  1909  experi- 
ments a  mercury  gage  was  used. 

Pi  =  (1.376  X  5.894)  +  (28.95  X  .4912)  =  22.330 

Work  done  in  expanding  one  pound  of  air  from  22.330  pounds 
per  square  inch  to  14.7  pounds  per  square  inch  =  11600  foot 
pounds  (from  curve). 

Work  done  in  expanding  one  pound  of  air  from  14.7  pounds 
per  square  inch  to  14.22  pounds  per  square  inch  =  900  foot 
pounds  (from  curve). 

Total  work  =  11600  +  900  =  12500  foot  pounds. 

Pounds  of  air  used  per  second  =  . 111^)8  X  .076376  =  .008481. 

Total  work  done  by  .008481  pounds  of  air  in  expanding  from 
22.330  pounds  per  square  inch  to  14.22  pounds  per  square 
inch  =  .008481  X  12500  =  106.02  foot  pounds  per  second. 

Quantity  of  Water, — ^Discharge  of  wuter  in  pounds  per  second 

=  |5?=  2.0135. 
744 

Discharge  of  water  in  cubic  feet  per  second  =  2.0135  X  .0160 
=  .03221. 

Discharge  of  water  in  U.  S.  gallons  per  minute  =  .03221  X 
7.48052X60  =  14.4580. 
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Submergence. — The  gage  marked  water  gage  in  Pig.  10  meas- 
ured the  lift  in  the  1908  experiments,  from  which  the  percent- 
age of  submergence  was  calculated  by  subtracting  the  lift  from 
the  total  length  of  the  pump  and  dividing  the  result  by  the 
total  length.  In  the  1909  experiments  the  submergence  was 
measured  by  the  mercury  gage  B,  Fig.  15.  For  runs  319-440, 
inclusive,   the  datum  reading  on   the   submergence  gage   was 
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Foot-Pounos  of   Work  per  Pound  oF   Air 
Pig.  18.— Curve  for  Plndlng  Energy  per  Found  of  Air  at  Various  Pressures. 


+  3.00  feet,  while  for  runs  441-500  it  was  —6.67  feet.  By 
datum  reading  on  the  submergence  gage  is  meant  the  scale  read- 
ing at  the  elevation  of  the  air  inlet  of  the  pump.  The  follow- 
ing formula  was  used  to  calculate  the  percentage  of  submergence 
for  the  runs  of  the  1909  experiments. 

[  (Difference  in  feet  of  mercury,  gage  B,  X  13.6)  +  (Left 
reading  of  gage  B)  —  3.00  feet  or  +  6.67  feet]  -r-  Total  length 
of  pump  in  feet. 
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Percentage  of  submergence  for  run  338= 

(1.312  X  13.6)  +1.104  — 3.00       ^„^, 
19:32 =  ^2.54 

lAft, — Observed  directly  in  1908  experiments.  In  the  1909 
experiments  computed  from  following  formula: 

Lift=Total  length  of  pump  —  (Percentage  of  submergence 
X  total  length  of  pump). 

Lift  for  run  388  =    19.32  —  (82.54  X  19.32)  =  3.375  feet. 

Actual  Work  Done  in  Lifting  Water. — The  product  of  the 
discharge  in  pounds  per  second  and  the  actual  lift  in  feet  was 
taken  as  a  measure  of  the  actual  work  done.  A  few  writers  on 
the  air  lift  pump  have  added  the  friction  head  in  the  eduction 
pipe  to  the  actual  lift,  in  computing  the  work  done,  but  in  the 
opinion  of  the  writers  the  eduction  pipe  should  be  considered 
as  a  part  of  the  pump.  Actual  work  done  in  lifting  w^ater  for 
run  338  =■    2.0135  X  3.375  =  6.7950  foot  pounds. 

Efficiency — The  efficiency  of  the  pump  was  computed  on  the 
basis  of  the  ratio  of  actual  work  done  in  lifting  the  water  to  the 
theoretical  work  inherent  in  the  air,  when  expanding  from  the 
pressure  at  the  gage  to  barometric  pressure.  By  reference  to 
Figs.  10  and  15  it  will  be  seen  that  the  gage  pressure  was 
measured  within  a  few  feet  of  the  foot-piece  in  the  1908  ex- 
periments, but  that  in  the  1909  experiments  the  pressure  was 
measured  at  a  distance  of  20  to  30  feet  from  the  foot-piece  in 
line  with  the  air  supply  pipe.  The  efficiency,  then,  as  computed 
is  independent  of  the  efficiency  of  the  compressor  and  conveying 
air  pipes  to  the  well,  but  includes  a  short  length  of  air  pipe 
such  as  would  be  necessary  to  conduct  the  air  from  the  top  of 
the  w^ell  to  the  foot-piece.  The  loss  due  to  friction  in  the  air 
pipe  and  air  nozzle  is  discussed  on  p.  73.     Efficiency  for  run 

Ratio  of  Volume  of  A^r  to  Volume  of  Water. — Obtained  by 
dividing  quantities  in  column  2  of  Table  I  by  quantities  in 
column  6.     Eatio  of  volume  of  air  to  volume  of  water  for  run 

^  =  :m2i  =  '-''^ 
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Velocity  of  Water  in  a  V/^-Inch  Tail-Piece. — Obtained  by 
dividing  the  discharge  of  water  in  cubic  feet  per  second  by  the 
cross  sectional  area  in  square  feet  of  a  1^-inch  pipe.    Velocity 

for  run  338  =    '^^  =  3.779  feet  per  second. 
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EXPERIMENTAL  COEFFICIENT 


An  experimental  coefficient  for  use  in  connection  with  the 
Lorenz  formulas  has  been  computed  from  the  data  of  the  Wi«» 
consin  experiments.    The  method  used  in  making  this  compu 
tation  is  explained  in  detail  below. 
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.04  .06  .08  ./a  ./2 

Dischorqe  o-P  Free  Air   In  Cubic  Feet  per  Second 

Fig.  19.— Loss  Due  to  Friction  In  Air  Pipe  and  Air  Nozzle. 


Loss  Due  to  Friction  in  Air  Pipe  and  Nozzle. — A  considerable 
loss  of  energy  was  caused  by  the  drop  in  pressure  between  the 
point  in  the  air  main,  where  the  pressure  was  measured,  and  a 
point  in  the  foot-piece  opposite  the  air  inlet.  The  amount  of 
this  drop  in  pressure  was  determined  by  discharging  air  nt 
various  rates  through  the  pump,  when  all  water  w^as  drained 
out  of  it.  The  indications  of  the  gage  gave  the  head  required 
to  cause  the  discharge  from  the  air  nozzle,  and  to  overcome  the 
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frictional  resistances  in  the  air  pipe  with  its  elbows  and  other 
fittings,  when  discharging  into  the  atmosphere.  The  curves  in 
Pig.  19  show  this  loss  of  pressure  for  various  discharges  for 
three  diiferent  lengths  of  air  pipe  with  the  Harris  foot-piece. 
The  lower  curve,  for  series  1,  was  plotted  from  the  data  ol 
Table  2  and  shows  the  loss  under  the  conditions  of  the  appara- 
tus shown  in  Fig.  10.  The  upper  curve,  for  series  2-13,  was 
plotted  from  the  data  of  Table  3.  For  some  of  these  runs  the 
length  of  eduction  pipe  was  19.32  feet,  while  during  the  others 
it  was  26.74  feet,  but  the  length  of  air  pipe  was  constant.  Tha 
middle  curve,  for  series  14  and  15,  was  plotted  from  the  data  of 
Table  4.  During  these  runs  the  length  of  eduction  pipe  was- 
41.50  feet,  but  the  air  pipe  was  shorter  than  during  series  2-13. 
The  length  of  air  pipe  was  not  measured,  but  it  may  be  seen 
from  the  lower  curve  that  the  loss  due  to  the  foot-piece  was  con 
siderable,  as  in  the  conditions  of  the  tests  represented  by  this 
curve,  there  was  only  one  elbow  and  less  than  a  foot  of  air  pipe 
between  the  gage  and  the  nozzle. 

To  compute  the  loss  of  pressure  imder  operating  conditions; 
that  is,  when  di.^ charging  against  the  pressure  pi  in  the  foot 
piece,  it  was  assumed  that  fluid  friction  varies  very  nearly  with 
the  square  of  the  velocity  and  directly  with  the  density.     If  we 
let 

Pa  =^  the  loss  of  pressure,  in  pounds  per  square  inch,  when 
discharging  into  the  atmosphere, 

P3^  =  the  loss  of  pressure,  in  pounds  per  square  inch,  when 
discharging  against  the  pressure  pi  in  the  foot-piece, 

Va  =  the  velocity  of  air  in  the  pipe,  in  feet  per  second,  when 
discharging  into  the  atmosphere, 

Vx  =  the  velocity  of  air  in  pijle,  in  feet  per  second,  when  dis- 
charging against  the  pressure  pi, 

qa  =  the  volume   of  free  air  discharged,  in   cubic  feet   per 
second, 

q,  =  the  volume   of  air  at  pressure  Pi,   in  cubic   feet  per 
second, 

r  r=  the  ratio  of  compression  in  atmospheres, 
the  following  proportion  may  be  written 

Pa  :  Va^  Ta  I  :  Px  :  Vx"  Tj 
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Taking  r*  as  1,  when  discharging  into  the  atmosphere,  we 
have 

a  ^a  q^  x 

a 

Hence  it  was  only  necessary  to  divide  the  loss  as  taken  from 
the  curves  in  Fig.  19  by  the  ratio  of  compression,  in  order  to 
find  the  loss  of  pressure  when  discharging  against  any  pres- 
sure pi  existing  in  the  foot-piece. 

Loss  of  Head  Due  to  Entrance. — The  entrance  to  the  tail-piece 
was  square  edged  during  the  first  318  runs  and  the  loss  of  head 
due  to  entrance  was,  therefore,  assumed  to  have  been  equal  to 
one-half  of  the  velocity  head  of  the  entering  water.  The  maxi- 
mum value  of  the  velocity  head  during  this  series  of  runs  barely 
amounted  to  one  per  cent,  of  the  total  head  required  to  discharge 
the  water.  During  the  1909  experiments  the  tail-piece  pro- 
jected into  the  water  and  the  entrance  head  has  been  assumed 
as  equal  to  the  velocity  head  of  the  entering  water  for  these 
runs.     The  entrance  head  is  therefore  expresssd  as 


1    v 
h   _  _L    t 

h    —      t 


for  flush  entrance,  and  (25> 


for  inward  projecting  pipe  (26) 


Loss  of  Head  Due  to  Velocity  of  Discharge, — The  velocity  of 
discharge  is  much  greater  than  the  entrance  velocity,  due  to  the 
fact  that  the  combined  volumes  of  the  water  and  air  must  be 
discharged  through  the  outlet  end  of  the  pipe,  while  only  the 
water  enters  the  lower  end.  The  loss  due  to  the  velocity  of  dis- 
charge is 

2g 

in  which  Vb  =  the  outlet  velocity,  in  feet  per  second. 

q^  =  the  discharge  of  water,  in  cubic  feet  per  second, 
q^  =  the  discharge  of  free  air,  in  cubic  feet  per  second, 
ap  =  area  of  cross  section  of  eduction  pipe,  in  square 
feet. 
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Loss  of  Head  Due  to  Elbow. — ^From  experiments  made  in  the 
Hydraulic  Laboratory  of  the  University  of  Wisconsin  it  was 
determined  that  the  loss  of  head  due  to  a  2-inch  cast  iron  elbow 
WAS  equal  i6^ 

H  =  0.0202  v» 
or 

H  =  1.3f 

and  from  comparison  of  these  experiments  with  others  on  dif- 
ferent sized  pipes,  it  was  concluded  that  the  loss  of  head  was 
independent  of  the  size  of  pipe.t  In  estimating  the  loss  due 
to  the  11/^ -inch  cast  iron  elbow  in  the  air  lift  experiments  it 
has,  therefore,  been  computed  as  1.3  the  velocity  head  of  the 
discharge  waiter,  or 

*^o  =  l-3_  (28) 

2g 
The  loss  of  head  caused  by  an  elbow  or  bend  is  largely  due  to 
the  eddies  in  the  straight  pipe  following  the  elbow.  The  elbow 
at  the  top  of  the  air  lift  pump  used  in  the  Wisconsin  experi- 
ments was  followed  by  only  a  few  inches  of  straight  pipe,  so 
the  above  formula  probably  somewhat  over  estimates  the  elbow 


Loss  of  Head  Due  to  Pipe  Fnction  and  Slip. — The  loss  of 
head  in  the  straight  part  of  the  eduction  pipe  varies  consider- 
ably with  the  amount  of  air  used,  due  to  the  difference  in  the 
amount  of  slip  of  the  water  past  the  air  at  different  velocities 
of  discharge,  but  it  was  not  possible  to  estimate  the  loss  due  to 
slip  separately  from  the  pipe  friction.  It  was  observed  in  the 
glass  eduction  pipe  that  in  addition  to  the  uniform  gradual 
slip  of  the  water  past  the  air  bubbles,  there  were  at  times  sud- 
den disturbances  caused  by  a  considerable  quantity  of  water 
slipping  down  past  a  relatively  large  quantity  of  air.  Loss  is 
occasioned  bj;  the  necessity  of  again  lifting  the  water  which  has 
slipped  down,  and  also  by  the  internal  friction  due  to  the  agita- 
tion of  the  water  caused  by  the  slip  and  by  the  pipe  friction. 


♦  See  discussion  on  curv^e  resistance  In  water  pipes,  by  Geo.  Jacob 
Davis,  Jr.  m  Trans.  Am.  Soc.  C.  E..  Vol.  LXII,  p.  U2.  (1909). 
t  Ibid  p.  109,  effect  of  pipe  diameter. 
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If  ha  =  the  head  produced  by  the  air  used  per  pound  of  watei* 
pumped, 
hp  =  the  combined  loss  of  head  due  to  pipe  friction  and  slip, 
Vc  =  the  velocity  of  the  water  in  the  well  outside  the  educ- 
tion pipe  at  the  elevation  C  in  Fig;  3  p.  25. 
and  using  the  symbols  already  established  for  the  the  other 
quantities  involved,  the  equation  of  energy  per  pound  of  water 
pumped,  between  the  outlet  and  a  point  in  the  well  outside  the 
eduction  pipe  at  the  elevation  C,  may  be  written  as  follows: 

^  +  ^  +  ^  +  ^  =  ^  +  -^-^■^+^+^■^^    (^) 

In  computing  the  losses  the  velocity  of  approach  has  been 
neglected  and  the  velocity  Vc  of  the  water  in  the  well  is  taken 
a«  0.  To  illustrate  the  method  of  computing  the  friction  factor, 
the  following  data  of  run  No.  338  will  be  used. 

Length  of  eduction  pipe  =  19.32  feet. 

Depth  of  submergence  =  1.312  X  13.6  + 1.104  —  3.00  =  15.95 
feet. 

Diameter  of  tail-piece  =  IV^  inches,  /.  area  =  0.01227  square 
feet. 

Diameter  of  eduction  pipe  =  ll^  inches,  area  =  0.00852 
square  feet. 

Length  of  pipe  =  19.50  feet,  including  a  short  nipple  at  dis- 

charge  end  of  eduction  pipe,   .'.—=187    =     — 7T3"    • 

Discharge  of  water  =  0.0322  cubic  feet  per  second,  or  2.01 
pounds  per  second. 

Quantity  of  air  used  =  0.1111  cubic  feet  per  second  =  0.1111 
-7-13.093  =  0.008481  pounds  per  second. 

Total  discharge,  air  and  water  =  0.1433  cubic  feet  per  sec- 
ond. 

Entrance  velocity  =  Vt  =  0.0322  -=-  0.01227  =  2.62  feet  per 
second. 

V* 

Entrance  velocity  head  =  -_i  =  0.106  feet. 

2g 

Entrance  loss  of  head  =  _ t  =  0.106  feet. 

2g 
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Outlet  velocity  =  Vb  =  0.1433 -^0.00852  =  16.8  feet  per  sec- 
ond. 

Outlet  velocity  head  =  -^=  ^l^'f'  =4,SSd  feet. 

*Zg  o4.oz 

Elbow  loss  of  head  =  1.3  X  4.389  =  5.706  feet. 

Barometric  pressure  =  pt  =  28.95  X  0.4912  =  14.22  pounds 
per  square  inch. 

Pres:^ure  m  air  pipe  =  Pg  =  1.376  X  5.894  +  28.95  X  0.4912 
=  22.33  pounds  per  square  inch. 

Pressure  in  foot-piece  =  pi  =  22.33  pounds  per  square  inch 

minus  loss  in  air  pipe  and  nozzle.     Loss  when  discharging  into 

the  atmosphere  =  1.36  pounds  per  square  inch  (from  curve  Fig. 

19).     Loss  when  discharging  against  the  pressure  pi  =  1.36-^ 

22  83 

'„  =  .897  pounds  per  square  incli.     .'.  pi  =  22.33  —  .897  = 

21.433  pounds  per  square  inch. 

Energy  per  pound  of  air  used  =  11,350  foot  pounds.  (Curve 
Fig.  18.) 

Weight  of  air  used  =  0.008481  pounds. 

Energy  of  air  u^ed  per  second  =  11350  X  0.008481  =  96.26 
foot  pounds  per  second. 

Energy  of  air  per  pound  of  water  pumped  =  ha  =  96.26  -=- 
2.01  =  47.89  foot  pounds. 

Head  due  to  atmospheric  pressure  =  14.22  X  2.308  =  32.82 

feet. 

p 
The  pressure  head  -     was  equal  to  the  submergence  plus 

w 

the  head  due  to  atmospheric  pressure.    The  datum  plane  was 
taken  at  C  in  Fig.  3  making  he  =  0.     The  values  found  above 
may  be  substituted  in  the  energy  equation  as  follows : 
0  +  (15.95  +  32.82)  +  0  +  47.89  =  4.389  +  32.82  +  19.32  + 
0.106  +  5.706  +  hp. 

hp  =  34.32  feet, 
h 


P  J_  V        ^> 

^  ^^ 

c  = ?M2_  =  04181 

^     187  X  4.389     • 
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In  the  manner  above  described  the  values  of  the  friction  fac- 
tor Cp  have  been  computed  for  most  of  the  runs  of  series  1  and 
for  a  few  runs  in  some  of  the  other  series.     The  results  are 
given  in  column  14  of  Table  1.     These  values  of  the  friction 
factor  have  been  plotted  as  ordinates  against  the  velocities, 
•designated  as  Vi,  of  the  water  in  a  ll^-inch  tail  piece  as  ab- 
scissas.   The  velocities  in  a  tail-piece  of  the  same  size  as  the 
•eduction  pipe  were  used  instead  of  the  actual  velocities  in  the 
lVl>-inch  tail-piece,  so  as  to  make  it  possible  to  compare  the 
values  of  Cp  with  the  friction  factors  for  unmixed  water  flow- 
ing in  a  pipe  of  the  same  size  as  the  eduction  pipe.    In  Fig.  20 
the   numbers    adjacent    to   the   points   indicate   the   ratio    of 
volume  of  free  air  used  to  volume  of  water  pumped  for  each 
run.    Curves  have  been  sketched  in  to  indicate  the  relation  be- 
tween Cp  and  Vi  for  given  ratios  of  air  to  water.    Before  the 
regular  runs  were  begun  on  the  air  lift,  a  number  of  runs  were 
made  with  no  air,  for  the  purpose  of  determining  the  normal 
pipe  friction  in  the  eduction  pipe,  which,  it  will  be  remem- 
bered, was  largely  made  of  glass.     The  friction  factors  com- 
puted from  these  preliminary  runs  are  also  plotted  on  Fig.  20. 
It  may  be  seen  in  this  figure  that  these  normal  friction  values 
agree  very  closely  with  the  values  computed  from  Fanning 's 
table  of  friction  factors  for  clean  iron  pipe.     It  may  also  be 
seen  that  when  pumping  with  air  the  friction  factors  are  very 
much  larger  than  when  only  water  is  flowing  through  the  pipe, 
but  the  value  of  Cp  does  not  increase  with  the  ratio  of  air  to 
water  but  instead  it  rapidly  decreases  as  the   ratio  increases 
from   small   values,    apparently   reaching   a   minimum   value 
when  an  excessively  large  amount  of  air  is  used.    This  may  be 
due  to  the  fact  that  when  very  small  amounts  of  a^r  are  used, 
the  air  bubbles  rise  through  the  water  without  causing  much 
discharge,   the   energy   of  the   air  being  mostly  used  up   in 
causing  eddies  in  the  water  in  the  pipe. 

The  value  of  the  friction  factor,  computed  as  described 
above,  seems  to  be  ent^'rely  independent  of  the  percentage  of 
submergence  and  of  the  lift.  The  values,  however,  decrease 
with  the  length  of  pump,  which  may  be  seen  by  reference  to 
Fig.  20,  the  points  for  the  26.74-foot  length  falling  a  small 
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distance  below  the  curves,  while  the  points  for  the  41.50-foot 
length  fall  a  relatively  larger  distance  below  the  curves.  The 
curves  shown  in  Fig.  20  are  therefore  of  no  practical  impor- 
tance, and  it  would  seem  that  for  a  theoretical  design  of  an  air 
lift  pump,  the  law  of  variation  of  Cp  with  both  the  diameter  and 
length  of  pump  would  have  to  be  known. 
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EXPERIMENTAL   RELATIONS 

The  experiments  made  by  the  writers  were  planned  to  de- 
termine, first,  the  effect  on  the  discharge  and  eflSciency  of 
variations  in  the  working  conditions  of  the  a*r  lift  pump,  such 
as  variations  in  submergence,  lift  and  quantity  of  air  used, 
and  second,  the  effect  on  the  discharge  and  eflBciency  of 
changes  in  the  structural  features  of  the  pump.  The  first  part 
of  the  following  d'scussion  relates  to  experiments  in  which  all 
structural  features  were  the  same. 

Relation  of  Discharge  to  Air  Used 

The  relation  between  the  quantity  of  air  used  and  the  quan- 
tity of  water  pumped  is  shown  in  Fig.  21  for  each  of  the  runs 
of  the  first  series.  The  small  figures,  by  the  plotted  points, 
indicate  the  percentage  of  submergence  obtaining  during  the 
run  represented  by  the  point.  Curves  have  been  interpolated 
between  the  points  to  indicate  the  discharge  of  the  water  for 
varying  quantities  of  air  under  constant  conditions  of  sub- 
mergence and  lift,  for  each  five  per  cent,  submergence  from  35 
to  115  per  cent.  These  curves  were  first  sketched  in  freely, 
interpolating  by  eye  to  locate  their  positions,  and  were  after- 
wards adjusted  to  harmonize  with  the  curves  in  Fig.  22.  Each 
of  these  curves  was  plotted  by  reading  horizontally  across 
Fig.  21  the  percentage  of  submergence  corresponding  to  given 
quant/ties  of  air  for  a  constant  discharge  of  water.  The  trial 
curves  in  Fig.  21  were  then  shifted  slightly  imtil  the  points 
picked  from  them  fell  on  smooth  curves  in  Fig.  22. 

Fig.  21  shows  that  for  any  given  percentage  of  submergence 
an  increase  in  the  amount  of  free  air  used,  starting  with  zero 
quantity,  causes  an  increase  in  the  discharge  of  water  up  to  a 
given  quantity  of  air,  beyond  which  the  discharge  of  water 
decreases  with  a  further  increase  of  air.  The  quantity  of  air 
giving  a  maximum  discharge  of  water  is  not  a  constant  for  the 
different  percentages  of  submergence,  nor  is  the  ratio  of  the 
volumes  of  air  and  water  constant  for  the  maximum  discharge 
6  [485] 
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Fig.  21.— Relation  ol  Discharge  to  Air  Used.— Series  1. 
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at  different  percentages  of  submergence.  The  quantity  of  air 
giving  the  maximum  discharge  is  less,  both  absolutely  and 
relatively,  for  high  percentages  of  submergence  than  it  is  for 
low  percentages  of  submergence. 

From  the  curv^es  of  Pigs.  21  and  22,  it  appears  that  for  any 
given  rate  of  air  consumption,  the  discharge  of  water  increases 
indefinitely  as  the  percentage  of  submergence  increases  In 
this  connection  these  curves  are  likely  to  be  misleading  unless 
the  conditions  of  the  experiments  are  borne  in  mind.  All  of 
the  experiments  represented  by  the  points  in  Fig.  21  were 
made  with  a  constant  length  of  pump  of  19.32  feet.  There- 
fore, an  increa>'e  in  the  submergence  was  necessarily  accom- 
panied by  a  decrease  in  the  lift,  the  latter  becoming  zero  at  100 
per  cent.,  and  negative  at  higher  percentages  of  submergence. 
That  is,  at  percentages  greater  than  100  per  cent,  there  was  a 
head  on  the  outlet  of  the  pump  which  caused  a  flow  without  the 
use  of  any  air,  as  in  the  case  of  artesian  wells.  In  commercial 
plants  using  the  air  lift  system  of  raising  water,  the  pump  is 
of  fixed  length  designed  and  built  to  work  at  some  defin'te 
percentage  of  submergence.  In  many  cases  the  water  level 
in  the  well  is  not  correctly  estimated  for  working  conditions, 
or  the  conditions  existing  at  the  time  of  installing  the  well 
may  be  changed  by  the  operation  of  other  wells  m  relatively 
close  proximity,  so  that  it  is  often  found  that  the  relation  of 
lift  to  submergence  in  the  case  of  many  pumps  is  far  from 
what  it  should  bo.  The  large  variations  in  the  discharge  which 
may  result  from  such  changes  in  the  percentage  of  submer- 
gence are  clearly  indicated  in  Figs.  21  and  22. 

ReI.ATION  of   OlTIUT  TO  PERCENTAGE  OF  SUBMERGENCE 

As  to  the  question  of  what  is  the  best  percentage  of  sub- 
mergence to  adopt  in  the  design  of  a  pump  to  lift  the  water  a 
definite  height,  no  information  is  given  in  Fig.  21,  for  the 
reason  that  it  is  impossible  to  determine  from  this  diagram 
whether  the  increased  discharge  of  water  is  due  to  the  increase 
in  the  percentage  of  submergence  or  to  the  accompanying  de- 
crease in  the  lift. 

In  order  to  throw  more  light  on  this  subject  Figs.  23,  24  and 
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Submergence  in   Percent 

Fig.  23.— Relation  ol  Output  to  Percentage  of  Submergence.— Series  1. 


25  have  been  plotted.  The  method  of  eonstnicting  these  curves 
is  as  follows :  Choosing  some  definite  rate  of  air  consumption, 
as  for  example  0.03  second  feet,  and  reading  vertically  along 
this  air  line  in  Fig.  21,  the  discharges  were  obtained  for  each 
five  per  cent,  submergence.  These  quantities  were  then  multi- 
plied by  the  lift  in  feet  for  the  corresponding  submergences. 
This  gave  the  work  output,  expressed  in  foot  gallons,  for  each 
five  per  cent,  submergence.  In  order  to  avoid  confusion,  part 
of  the  curves,  those  for  the  rates  of  air  from  0.03  to  0.07  second 
feet  have  been  plotted  in  Fig.  23  and  the  remainder  ^n  Fig  24. 
The  curves  are  shown  only  as  far  as  100  per  cent,  submergence. 
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Fig.  24.— Relation  of  Output  to  Percentage  of  Submergence,— Series  1. 

Beyond  that  limit  the  output  is  negative  on  account  of  the  lift 
being  negative,  and  the  curve  extends  in  the  general  direction 
indicated  by  the  part  near  the  100  per  cent,  submergence  point. 
Tn-as-inucli  as  the  discliarge  incrcHses  from  zero,  while  the  lift 
decreases  from  a  maximum  value  to  zero  as  the  percentage  of 
submergence  increases,  there  is  necessarily  a  maximum  point 
on  the  eun-e.  The  maximum  points  for  all  the  curves  lie  between 
60  and  ^o  per  cent,  submergence.  The  percentage  of  submerg- 
ence giving  the  maximum  output  is  shown  for  various  rates  of  air 
consumption  by  the  curve  in  Fig.  25.  In  this  figure  is  shown 
also  the  relation  between  air  consumption  and  maximum  output. 
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By  inspection  of  these  two  curves  it  may  be  seen  that  the  maxi- 
mum output  occurred  when  the  rate  of  air  consumption  was 
about  0.09  second  feet  and  the  percentage  of  submergence  was 
about  61.  Since  the  lift  corresponding  to  61  per  cent,  sub- 
mergen<3e  was  7.55  feet,  the  maximum  output  of  73.2  foot  gal- 
lons represented  a  discharge  of  0.0215  second  feet  of  water. 
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Pig.  25.— Relation  of  Quantity  of  Air  Used  to  Maximum  Output  and  to  Percentage  of 

Submergence. — Series  1. 

Hence,  for  maximum  output  the  ratio  of  volumes  of  air  to 
water  was  0.09 -f- 0.0215  =  4.2.  The  curves  are  based  on  ex- 
periments on  a  single  length  of  pump  of  19.32  feet.  Some  ex- 
periments on  pumps  of  different  lengths  show  that  for  the 
same  air  consumption  and  percentage  of  submergence  the  out- 
put increases  with  the  length  of  pump,  therefore  the  outputs 
in  foot  gallons  shown  on  Figs.  23,  24  and  25  must  be  regarded 
as  applying  only  to  the  19.32-foot  pump.  The  experiments  on 
the  longer  pumps  were  taken  at  only  two  submergences,  of  ap- 
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proximately  40  and  80  per  cent.,  so  curves  similar  to  those  of 
Pigs.  23  and  24  could  not  be  drawn  for  the  longer  pumps ;  but 
the  points  for  these  runs  plot  in  such  a  way  as  to  indicate  that 
the  maximum  point  must  be  about  the  same  percentage  of  sub- 
mergence as  for  the  shorter  pump. 

The  curves  of  Figs.  23  and  24  seem  to  be  parabolas  having 
the  equation 

(y  — y')=m    (x  — x')"  (30) 

in  which 

y  =:  the  output  in  foot  gallons. 

y'  =:  the  maximum  output  in  foot  gallons. 

X  =:  submergence  in  per  cent. 

x' =  submergence  in  per  cent,  corresponding  to  maximum 
output. 
By  taking  the  values  of  x'  and  y'  for  any  given  value  of  air 
from  Fig.  25,  and  subtracting  them  from  the  values  of  x  and  y 
taken  from  the  curves  of  Fig.  23  for  the  same  value  of  air, 
the  values  plotted  in  Fig.  26  were  obtained.  The  symbols  with 
horizontal  bars  attached  represent  points  of  the  curve  on  one  side 
ot  the  vertex  while  the  plain  symbols  represent  points  on  the 
other  side  of  the  vertex  on  the  same  curve.  The  points  near  the 
lower  end  of  the  diagram  scatter  somewhat.  These  points  cor- 
respond to  points  very  near  the  vertex  of  the  parabolas  and 
the  divergence  from  the  mean  line  simply  indicates  a  very 
small  error  in  the  values  of  x'  and  y',  which  were  found  by 
trial.  The  substantial  agreement  of  the  points  with  the  line 
shows  that  for  the  19.32-foot  pump,  the  output  varies  in  ac- 
cordance with  the  parabolic  law  and  that  for  all  rates  of  air 
consumption  the  values  of  m  and  n  are  the  same.  Using  the 
values  of  m  and  n  determined  from  the  mean  line  of  Fig.  26 
the  equation  of  the  curves  becomes 

y-y'  =  0.028  (x-x')'-*'  (31 
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Pig.  26.— Logarithmic  Plotting  of  Output— Percentage  of  Submergence  Curves.- 

Serles  1. 
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rig.  27.— Relation  of  Efflciency  to  Input  with  Constant  Length  of  Pump.    Runs  (1-S6) 

Series  1. 

Relation  of  Efficiency  to  Input  and  Percentage  of  Sub- 
mergence WITH  Constant  Length  of  Pump 

If  the  quantity  of  free  air  used  were  a  measure  of  the  work 
input  then  the  eurves  of  Figs.  23,  24  and  25  would  show  the 
submergenee  to  adopt  for  maximum  efficiency  at  any  given 
rate  of  air  consumption,  but  such  is  not  the  case.  An  increase 
in  the  percentage  of  submergence,  in  the  case  of  a  pump  of 
fixed  length,  results  in  a  greater  depth  of  submergence  of  the 
air  inlet  and  conseciuently  in  an  increased  air  pressure.  With 
a  constant  consumption  of  free  air  the  work  input  varies  with 
the  submergence.  In  order  to  show  the  effect  of  variations  in 
the  submergence  and  input  on  the  efficiency  of  operation  the 
curves  in  Figs.  27,  28  and  29  have  been  drawn. 
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FIsr.  28.— Relation  of  Efficiency  to  Input  with  Constant  Length  ol  Pump. 
Runs  (87-202)  Series  1. 


Efficiency  and  Input. — The  efficiencies  computed  from  runs 
(1 — 202)  of  the  first  series  of  experiments  have  been  plotted 
as  ordinates  against  the  corresponding  inputs  in  Figs.  27  and 
28.  In  order  to  avoid  confusion  of  lines  the  points  with  per- 
centages of  submergence  lower  than  63  were  plotted  in  Fig.  27 
and  those  above  were  plotted  in  Fig.  28.  These  cur\^es  show 
that  for  any  given  constant  percentage  of  submergence  and 
constant  length  of  pump,  the  efficiency  increases  very  rapidly 
as  the  input  decreases.  Efficiencies  higher  than  those  shown 
on  the  diagrams  have  only  slight  practical  importance  on  ac- 
count of  the  small  discharge  of  water  obtainable  when  working 
at  such  low  rates  of  input,  and  the  consequently  high  initial 
cost  of  the  well  in  proportion  to  the  discharge. 
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Efficiency  .and  Percentage  of  Submergence. — The  curves  in 
Pigs.  27  and  28  also  show  that,  if  the  total  length  of  eduction 
pipe  remains  constant,  the  maximum  efficiency  for  a  given 
input  or  rate  of  pumping  is  obtained  at  about  63  per  cent,  sub- 
mergence. This  is  more  clearly  shown  in  Fig.  29,  which  was 
drawn  from  values  taken  from  the  average  curves  of  Figs.  27  an  J 
28.     It  will  be  seen  from  these  diagrams  that  with  a  given  input, 
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30  40  SO  60  70 

Percentage  cef  Submergence 


ZOO 


"Fig.  29.— Belatlon  of  Efficiency  to  Percentage  of  Submergence  with  Constant  Length 

of  Pump.— Series  1. 

the  efficiency  first  increases  with  the  percentage  of  submerg- 
ence until  a  maximum  is  reached  at  about  63  per  cent.,  and  then 
•decreases  with  a  further  increase  in  the  percentage  of  sub- 
mergence; becoming  zero  at  100  per  cent,  submergence  and 
the  efficiencies  having  negative  values  when  the  percentage 
of  submergence  is  greater  than  100,  because  for  such  cases  the 
lift  has  a  negative  value.  The  efficiency  curves  are  not  drawn 
for  submergences  greater  than  100  per  cent.    The  total  length 

[496] 


Digiti 


ized  by  Google 


DAVIS   &   WEIDNER— THE    AfR    LIFT    PUMP 


9? 


of  eduction  pipe,  however,  remaining  constant,  the  lift  varies 
as  the  percentage  of  submergence  is  changed. 

Relation  of  Efficiency  to  Input  and  Percentage  of  Sub- 
mergence With  a  Constant  Lift 

In  comparing  the  results  of  the  Wisconsin  experiments  there 
are  five  variables  to  be  considered;  namely,  the  lift,  the  sub- 
mergence, the  discharge,  and  the  quantity  and  pressure  of  the 
air  used.    In  the  previous  discussion  the  effect  of  varying  some 


0  20  AO  60  eO  100  120  l^fO  160  leO  20O 

Input  In   root-F\x;nds  per   Second 
Pig.  30.— Relation  of  Efficiency  to  Input  with  a  Constant  Lift.— Series  20. 

of  these  factors  has  been  shown,  but  on  account  of  the  fact  that 
the  lift  varied  inversely  as  the  submergence,  the  methods  of 
comparison  used  on  the  preceding  pages  do  not  give  definite 
information  as  to  the  best  submergence  to  use  with  a  constant 
lift.  The  practical  problem  in  most  deep  well  propositions  is 
to  determine  at  what  percentage  of  submergence  the  maximum 
efficiency  will  be  obtained  for  a  given  lift.    The  curves  of 
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Figs.  30  and  31,  plotted  from  the  data  of  series  20,  show  this 
information.  In  this  series  the  lift  was  kept  constant  at  five 
feet  and  the  percentage  of  submergence  was  varied  b}^  chang- 
ing the  length  of  pump. 

Efficiency  and  Input. — Fig.  30  shows  that  for  any  given  con- 
stant percentage  of  submergence  and  constant  lift,  the  effi- 
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Fif.  31.— Relation  of  Kfflciency  to  Perwntage  of  Submergence  with  a  Constant  Lift. — 

Series  20. 

t^iency  increases  as  the  input  decreases,  which  checks  the  con- 
clusion drawTi  from  the  curves  of  Figs.  27  and  28. 

Efficiency  and  Percentage  of  Submergence. — Fig.  30  also  shows 
that  with  a  constant  lift,  the  efficiency  increases  as  the  percent- 
age of  submergence  increases,  for  all  rates  of  input  and  all 
practical  percentages  of  submergence.  This  result  is  quite 
different  from  that  obtained  when  the  length  of  pump  remained 
constant  and  lift  varied,  as  may  be  seen  by  comparing  the 
<?urves  of  this  figure  with  those  of  Figs.  27  and  28.    The  above 
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conclusions  may  perhaps  be  more  plainly  seen  by  reference  to 
Fig.  31,  which  was  plotted  for  the  purpose  of  comparison  with 
the  curves  of  Fig.  29.  The  curves  of  Fig.  31  show  a  tendency 
to  reverse  after  passing  the  ordinate  at  90  per  cent,  submerg- 
ence. This  may  be  understood  if  one  reflects  that  between  90 
and  100  per  cent,  the  length  of  pump  increases  very  rapidly 
with  any  constant  lift,  reaching  infinity  at  a  submergence  of 
100  per  cent.  Hence,  the  efficiency  will  decrease  very  rapidly 
as  the  percentage  of  submergence  is  increased  from  a  point  near 
90  per  cent,  submergence  to  a  submergence  of  100  per  cent., 
as  indicated  by  the  broken  curve  for  an  input  of  70  foot  pounds. 

Relation  of  Discharge  and  Efficiency  to  Lift 

In  discussions  of  the  air  lift  the  statement  is  frequently  made 
that  an  increase  in  the  lift  causes  a  reduction  in  the  discharge 
and  in  the  efficiency,  other  conditions  remaining  constant.  That 
this  statement  is  not  true  in  all  cases  is  proved  by  the  curves 
shown  in  Fig.  32,  in  which  are  plotted  the  results  of  three  series 

^0,      I      ,      I      I      ,      I      ,      ,      ,      ,      I      ,      I      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,      ,^5 
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Input  in  Foot -Pounds  per  Second 
Ffg.  32.— Relation  of  Diseharge  and  Efficiency  to  Lift. 

:  Series  4— IVi-Inch  Harris  Poot-Pleee— Length  of  Eduction  Pipe  19.32  Feet— Aver- 
age Lift  3.29  Feet— Average  Submergence  82.97  Per  Cent. 

:  Series  11— I'i-Imh  Harris  Foot -Piece— Length  of  Eduction  Pipe  26.74  Feet— Aver- 
age Lift  4.74  Feet— Average  Submergence  82.40  Per  Cent. 

:  Series  14— lV4-Inch  Harris  Foot-Piece— Length  oi  Eduction  Pipe  41.50  Feet— Aver- 
age Lift  7.(i(>  Feet — Average  Submergence  81.^4  Per  Cent. 
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of  experiments  made  in  order  to  show  the  effect  of  varying  the 
lift,  other  conditions  remaining  the  same.  The  same  foot-piece 
and  size  of  eduction  pipe  were  used  in  all  these  series,  the  sub- 
mergence was  kept  nearly  constant,  at  about  82  per  cent.,  and 
the  lift  was  varied  by  adding  extra  pipe  to  the  discharge  end 
of  the  eduction  pipe.  This  diagram  shows,  that  for  a  given, 
input,  the  discharge  and  hence  the  efficiency,  increases  with 
the  lift  and  the  length  of  eduction  pipe ;  the  percentage  of  sub- 
mergence and  all  other  conditions,  except  the  length  of  the 
pipe,  remaining  constant. 

A  similar  result  was  obtained  at  a  smaller  percentage  of  sub- 
mergence, as  is  shown  in  Fig.  33.    In  this  diagram  the  dis- 
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InpuT  in  fboT-Rounds  per  Second 

Fig.  SS.—Belatlon  of  Discharge  and  Effldency  to  Lift, 


Feet— Aver- 


=  Series  7— 1^-Inch  Harris  Poot-Piece— Length  of  Eduction  Pipe  19.3 
age  Lift  10.88  Feet— Average  Submergence  43.66  Per  Ont. 

=  Series  10— IVi-Inch  Harris  Poot-Plece— Length  of  Eduction  Pipe  26.74  Feet— Aver- 
age Lift  15.73  Feet— Average  Submergence  41.19  Per  Cent. 

=  Series  15— H4-Inch  Harris  Foot-Piece— Length  of  Eduction  Pipe  41.50  Feet— Aver- 
age Lift  23.47  Feet— Average  Submergence  43.45  Per  Cent. 

=  Series  6— 1^-Inch  Harris  Foot-Piece— Length  of  Eduction  Pipe  19.32  Feet- Aver- 
age Lift  11.40  Feet— Average  Submergence  40.97  Per  Cent. 


charge  curve  for  a  lift  of  15.73  feet  lies  below  that  for  a  lift 
of  10.88  feet,  although  for  a  given  input  the  eflSciency  is  greater 
for  the  larger  lift.  This  apparent  disagreement  with  the  law 
seeming  to  hold  for  the  other  series  of  runs  plotted,  was  doubt- 

[500] 


Digiti 


ized  by  Google 


DAVIS   &    WEIDNER— THE    AIR    LIFT    PUMP  97 

less  due  to  the  fact  that  the  percentage .  of  submergence  was 
different  in  the  two  series  of  runs.  It  was  diflScult  in  setting 
up  the  apparatus  and  adjusting  the  valves  to  get  exactly  the 
same  percentage  of  submergence  in  the  different  series,  or  even 
to  maintain  the  percentage  constant  for  all  the  runs  of  a  series. 
To  show  the  difference  in  the  discharge  due  to  the  variation 
in  the  percentage  of  submergence  the  discharges  for  series  6 
have  been  plotted  in  Pig.  33  and  a  dash  line  has  been  drawn 
through  them.  The  average  percentage  of  submergence  for 
these  runs  was  40.97  and  the  lift  11.40  feet.  By  comparing  this 
curve  with  that  for  series  10,  which  was  made  with  practically 
the  same  percentage  of  submergence,  it  may  be  seen  that  the 
discharge  with  the  higher  lift  of  15.73  feet  was  considerably 
greater  than  the  discharge  with  the  lift  of  11.40  feet.  The  dis- 
charge curve  for  the  15.73-foot  lift  would  therefore  have  plot- 
ted higher,  between  the  curves  for  the  10.88-foot  and  the  23.47- 
foot  lifts,  if  the  conditions  of  submergence  had  been  the  same 
in  the  three  series  of  runs. 

The  reason  lor  an  increase  in  the  discharge  occurring  when 
the  length  of  pump  is  increased  may  be  understood  by  study- 
ing the  theoretical  relations  of  the  various  quantities  involved, 
as  expressed  in  equation  (17)  of  the  Lorenz  theory  (see  p.  28). 
By  transposing  this  equation  and  restoring  Ub  which  had  been 
cancelled  out  from  equation  (12)  it  may  be  made  to  read 

2.303-Nog,„     1     q^u^_P 

\  =  i !l_ _l! ^ (32) 

2Kh,a;  +  (i+c^^)(q^+q^y+C^q; 

To  adapt  this  formula  to  the  conditions  of  the  Wisconsin  ex- 
periments, 1.3  must  be  added  to  the  quantities  in  the  first  par- 
enthesis of  the  denominator  to  take  account  of  the  loss  due  to 
the  elbow  at  the  top  of  the  eduction  pipe.  With  this  change, 
equation  (32)  becomes 

2-303  ^''°^,oTr''"''^r^ 


^-.= 


2gh^a;+(2.3+    c^^)(q^+q^y+   c^  q  : 


(33) 


Curves  showing  the  relation  of  the  discharge,  qw,  to  the  lift, 
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hi,  have  been  computed  by  means  of  this  formula  for  three  dif- 
ferent percentages  of  submergence,  and  are  plotted  in  Fig.  34. 
The  conditions  assumed  were  as  follows: 

Area  of  eduction  pipe  =  0.00852  square  feet. 

Percentages  of  submergence  =  40,  60,  and  80  per  cent. 

Barometric  pressure  =  14.3  pounds  per  square  inch.  (The 
approximate  average  pressure  during  series  1.) 

Input  at  piezometer  on  air  pipe  =  100  foot  pounds. 

In  the  numerator  of  equation  (33)  the  expression 

/  Ph  P| 

\  b  ^l) 

represents  the  input  at  the  air  inlet  in  the  foot-piece.  In  the 
1909  experiments  the  pressure,  from  which  the  input  was  com- 
puted, was  measured  at  a  point  on  the  air  pipe  some  distance 
from  the  foot-piece.  The  pressure,  so  measured,  therefore,  in- 
cludes the  loss  in  a  section  of  air  pipe  of  length  suflScient  to 
reach  from  the  top  of  the  well  to  the  foot-piece.  This  loss 
should  be  charged  to  the  pump,  for  such  a  length  of  air  pipe  is 
inevitable.  Hence,  in  computing  the  quantity  of  air  used  at 
any  given  rate  of  pumping  and  at  any  lift,  the  gage  pressure, 
Pg,  should  be  used  instead  of  the  pressure,  pi,  in  the  foot-piece. 

Putting  QbUb  (2-303 -p  Jogj^  — *f|  =  100,  the  assumed  input, 

^  b  ^b' 

the  quantity  of  air  used  per  second  was  computed  for  the  gage 
pressures  corresponding  to  the  various  lifts  and  percentages 
of  submergence.  The  gage  pressure,  pg,  was  computed,  for  the 
assumed  conditions,  by  adding  14.3  pounds  per  square  inch, 
to  0.434  times  the  depth  of  submergence  in  feet,  plus  the  loss  of 
head  due  to  friction  in  the  air  pipe  and  nozzle,  minus  the  loss 
due  to  entrance  and  velocity  in  the  foot-piece.  Since  the  loss 
of  head  due  to  friction  in  the  air-pipe  and  nozzle  is  a  function 
of  the  volume  of  air  used,  it  was  necessary  to  first  assume  the 
volume  of  air  in  order  to  estimate  the  approximate  loss  of  head 
due  to  air  friction  from  the  curve  of  Fig.  19  as  explained  on 
page  75.  By  making  a  few  approximations  in  this  way,  the 
proper  value  of  pg  and  the  corresponding  value  of  qb  were 
^und.    An  assumed  value  of  the  discharge  qw  was  used  to  com- 
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pute  the  ratio  of  volume  of  free  air  to  volume  of  water  and  the 
ratio  of  discharge  to  area  of  eduction  pipe  which  were  used  as 
arguments  in  estimating  the  friction  factor  Cp  from  Fig.  20. 
By  making  a  few  such  approximations,  corresponding  values 
of  Cp,  qa,  and  qw  were  found  which  satisfied  equation  (33). 

With  constant  percentage  of  submergence,  an  increase  in  the 
lift  causes  a  proportionate  increase  in  the  depth  of  submergence, 
and,  therefore,  a  proportionate  increase  in  the  pressure.  As 
the  air  pressure  increases  with  the  lift,  the  quantity  of  ^ree 
air  per  given  input  will  decrease  as  the  lift  increases.    The 
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numerator  of  equation  (33),  therefore,  increases  slightly  as 
the  lift  increases,  because  the  loss  in  the  air  pipe  is  less  with  the 
smaller  volume  of  air  and  consequent  lower  velocity.  Also, 
since  qw  is  small  compared  with  qb,  an  increase  in  the  lift  de- 
creases the  value  of  the  second  parenthesis  in  the  denominator 
of  equation  (33).  Cp  varies  with  the  velocity  of  the  water  in 
the  foot-piece  and  with  the  ratio  of  volume  of  free  air  to  vol- 
ume of  water.  It  was  found,  in  computing,  that  the  relation 
of  these  quantities  was  such  as  to  make  Cp  increase  with  the  lift 
and  that  the  last  term  in  the  denominator,  which  is  a  function 
of  the  entrance  loss,  was  practically  negligible.  The  middle 
term  of  the  denominator  proved  to  be  the  controlling  one  in 
the  determination  of  the  shape  of  the  discharge-lift  curve. 
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With  the  first  parenthesis  increasing  in  value  and  the  second 
decreasing  with  the  lift,  evidently  their  product  must  have  a 
maximum  value  at  some  point.  The  points  of  maximum  dis- 
charge, as  shown  by  the  curves  of  Fig.  34,  do  not  agree  with 
the  indications  of  Figs.  32  and  33,  which  show  the  discharge 
increasing  up  to  higher  lifts.  This  discrepancy  is  explained  by 
the  fact  that  for  a  given  velocity  of  water  in  the  foot-piece  and 
given  ratio  of  volumes  of  air  to  water  the  friction  factor  Cp  de- 
creases with  the  length  of  pump,  as  pointed  out  on  page  79. 
In-as-much  as  the  law  of  this  variation  is  not  known,  the  value 
of  Cp  was  necessarily  assumed  independent  of  the  lift,  and  in 
making  the  computations  the  values  were  taken  from  the  curves 
of  Fig.  20.  It  may  be  seen,  however,  by  reference  to  equation 
(33),  that  if  Cp  decreases  with  the  lift,  other  things  being  con- 
stant, the  maximum  discharge  would  have  occurred  at  a  higher 
lift  under  the  assumed  conditions  and  the  curves  of  Fig.  34 
would  have  tended  to  check  the  experimental  results. 

Effect  op  Compressed  Air  OufrsiDE  of  Pump 

"When  the  Harris  foot-piece  was  purchased  the  manufacturers 
furnished  it  with  fittings  for  introducing  compressed  air  into 
the  well  casing  outside  of  the  pump,  but  the  apparatus  as  used 
in  the  1908  experiments  did  not  permit  any  runs  under  these 
conditions.  The  statement  is  made  in  the  Harris  patent  (No. 
758360)  that  *'the  chief  feature  consists  in  combining  the  idea 
of  introducing  compressed  air  or  gas  into  the  casing  to  act  upon 
the  surface  of  the  water  or  other  fluid  to  force  the  same  down- 
ward and  the  use  of  a  suction  means,  such  as  an  ejector  or 
similar  means,  for  drawing  up  the  fluid  and  expelling  it.'' 
Through  correspondence  we  were  informed  by  the  manufac- 
turers of  the  Harris  pump  that  "the  object  in  the  use  of  this 
outside  pressure  is  to  steady  the  flow  of  water  and  retard  the 
usual  surging  up  and  down  occasioned  when  air  is  liberated 
in  the  well.  The  idea  is  not  to  put  on  excessive  pressure,  and 
as  to  the  amount  of  pressure  to  be  used,  it  depends  entirely 
upon  conditions  and  necessarily  has  to  be  adjusted  on  the 
ground  to  meet  the  conditions  encountered.''  They  further 
stated  in  this  connection  that  "we  find  in  many  cases  that  by 
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simply  filing  a  leakage  screw  allowing  a  small  volume  of  air 
to  leak  into  the  casing  that  it  affords  suflScient  amount  to  work 
in  harmony  with  the  air  pressure  leading  directly  to  the  pump, 
while  in  other  cases  we  find  that  it  is  often  necessary  to  carry 
25  or  30  pounds  on  the  outside  in  order  to  assist  in  forcing  the 
water  through  the  discharge  pipe/' 

In  view  of  the  foregoing  it  was  deemed  desirable  to  make 
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Pig.  85.— Curves  Showing  the  Effect  of  Compressed  Air  Outside  of  Pump. 

O  =:  Series  3— lU-Inch  Harris  Poo t-PIece— Length  of  Eduction  Pipe  19.82  Peet— Aver- 
age Lift  8.44  Feet— Average  Submergence  82.19  Per  Cent.— Compressed  Air  in 
Casing  Connected  with  Air  Main. 

Q  5=  Series  4— 114-Inch  Harris  Foot-Piece— Length  of  Eduction  Pipe  19.32  Peet— Aver- 
age Lift  3.29  Peet— Average  Submergence  82.97  Per  Cent.— Compressed  Air  in 
Casing  Shut  Off  from  Air  Main. 

^  r=  Series  6— l»4Inch  Harris  Foot-Piece— Length  of  Eduction  Pipe  19.32  Peet— Aver- 
age Lift  3.02  Peet— Average  Submergence  84.87  Per  Cent.— Annular  Air  Tube 
System. 

some  experiments  with  compressed  air  outside  of  the  pump, 
and  the  apparatus  as  set  up  for  the  1909  experiments  was 
arranged  with  this  object  in  view.  Series  3,  4,  6,  7,  8,  9  and 
10  were  made  for  this  purpose.  The  results  are  plotted  in 
Pigs.  35,  36  and  37,  which  show  the  efficiency  and  discharge 
curves  for  different  rates  of  energy  input  under  different  con- 
ditions as  to  air  outside  of  the  pump.  In  series  3  the  air  was 
introduced  above  the  surface  of  the  water  in  the  well  and  was 

[505] 


Digiti 


ized  by  Google 


102  BULLETIN   OP    THE    UNIVERSITY    OF   WISCONSIN 

in  connection  with  the  air  main  throughout  the  run,  the  valve 
in  the  casing  air  pipe  (see  Pig.  15)  being  open,  so  that  the  air 
pressure  in  the  casing  remained  constant,  and  in  case  of  any 
leakage  from  the  casing  or  connections  the  amount  lost  was 
included  in  the  amount  of  air  recorded  as  supplied  to  the  pump. 
In  series  4  the  air  was  admitted  through  the  casing  air  pipe  to 
the  surface  of  the  water  in  the  well  before  the  run  started,  and 
after  the  proper  submergence  was  obtained  and  the  pump  was 
working  steadily  the  air  in  the  casing  was  shut  off  from  the 
main  by  closing  the  valve  in  the  casing  air-pipe.  In  case  of 
any  air-leakage  under  these  conditions  the  water  rose  in  the 
well,  thereby  keeping  the  submergence  fairly  constant  during 
the  run.  By  means  of  a  glass  gage  connecting  with  the  well 
near  the  top  and  bottom,  marked  well  gage  in  Fig.  15,  the  ele- 
vation of  the  water  in  the  well  could  be  noted.  During  series 
3  and  4  the  water  level  in  the  well  stood  at  times  at  various 
elevations  lower  than  the  air  inlet,  but  during  none  of  the  runs 
did  the  water  surface  fall  low  enough  to  allow  air  to  enter  the 
bottom  of  the  tail-piece.  The  submergence  in  both  cases  re- 
mained practically  constant  and  there  was  no  appreciable  leak- 
age from  the  casing.  The  points  belonging  to  the  two  series 
of  runs  lie  on  the  same  curve  in  Fig.  35,  indicating  that  there 
was  no  difference  in  the  discharge  under  the  two  conditions, 
as  was  to  be  expected. 

In  the  same  figure  the  efficiency  and  discharge  curves  are 
plotted  for  series  5.  In  this  series  the  same  apparatus  was 
used  but  the  supply  to  the  Harris  foot-piece  was  shut  off,  the 
foot-piece,  however,  remaining  in  the  well  and  the  well  pumped 
according  to  the  annular  air  tube  system  described  on  page  34, 
all  the  air  used  entering  through  the  casing  air  pipe.  As  may 
be  seen  from  the  diagram  the  efficiency  for  this  method  of 
pumping  is  very  low,  but  this  series  of  runs,  however,  should 
not  be  taken  as  a  criterion  for  the  efficiency  of  the  annular 
tube  system,  as  the  apparatus  was  not  properly  designed  for 
this  system  of  pumping.  Obviously  the  annular  space  between 
the  ll^-inch  discharge  pipe  and  the  six  inch  casing  was  too 
large  for  efficient  pumping. 

Fig.  36  shows  the  results  of  series  6  and  7.    In  both  series 
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the  length  of  eduction  pipe  was  19.32  feet  and  the  1^-inch 
Harris  foot-piece  was  used.  In  series  6  the  casing  was  open  to 
the  atmosphere  so  that  the  submergence  was  due  entirely  to 
the  water  in  the  well,  while  in  series  7  compressed  air  was 
introduced  above  the  surface  of  the  water  in  the  well  and  was 
shut  off  from  the  air  main.  It  will  be  noticed,  however,  that 
the  average  submergence  differed  by  2.69  per  cent.,  which  un- 
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Fig.  96.— Curyes  Showing  the  ElTect  of  Compressed  Air  Outside  ot  Pump. 

s=  Series  6— lU-Inch  Harris  Foot-Piece— Length  ot  Eduction  Pipe  19.82  Feet— Atcp- 
age  Lilt  11.40  Feet— Average  Submergence  40.97  Per  Cent.— Casing  Open  to 
Atmosphere. 

=  Series  7—1^  Inch  Harris  Foot -Piece— Length  ol  Eduction  Pipe  19.32  Feet— Aver- 
age Lift  10.88  Feet— Average  Submergence  48.66  Per  Cent.— Compressed  Air 
in  Casing  Shut  OfT  from  Air  Main. 

=  Series  1— 1»4-Inch  Harris  Foot-Piece— Length  of  Eduction  Pipe  19.82  Feet— Aver- 
age Lift  10.88  Feet— Average  Submergence  48.66  Per  Cent.— Submergence  Ob- 
tained by  Moans  of  Overflow  Host  Shown  tn  Klc  3. 


doubtedly  accounts  for  the  higher  eflSciency  for  the  higher  per- 
centage of  submergence.  In  order  to  show  what  difference  the 
percentage  of  submergence  makes,  the  points  plotted  as  tri- 
angles were  interpolated  from  the  curves  shown  in  Fig.  27  for 
a  submergence  of  43.66  per  cent.  The  curves  in  Fig.  27  were 
plotted  from  the  first  series  of  experiments  in  which  the  length 
of  eduction  pipe  and  foot-piece  were  the  same  as  used  in  the 
series  under  discussion,  but  the  submergence  was  obtained  by 
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means  of  the  overflow  hose  shown  in  Fig.  10  corresponding  very 
closely  to  the  conditions  of  series  6.  As  will  be  noticed  from 
the  diagram,  the  points  fall  very  closely  on  the  curve  so  that 
the  conclusion  may  be  drawn  that  had  the  percentage  of  sub- 
mergence remained  constant  no  difference  would  have  been 
noticed  in  the  efficiencies  of  the  two  series  of  runs.     With  the 
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Fig.  87.— Curves  ShowinR  the  Effect  ol  Compressed  Air  Outside  ol  Pump. 

©  =  Series  8— m -Inch  Harris  Poot-Piec^-Length  of  Eduction  Pipe  26.74  Feet— Aver- 
age I-ift  i:>.70  Peet— Average  Submergence  41.29  Per  Cent.— Casing  Open  to 
Atmosphere. 

D  =  Series  9— l^-Ineh  Harris  Foot  Piece— Length  of  Eduction  Pipe  26.74  Feet— Aver- 
age Lift  16.02  Feet— Average  Submergence  40.08  Per  Cent.— Compressed  Air 
In  Casing  Connected  to  Air  Main. 

^  =  Series  10-lV4-rnch  Harris  Foot-Piece— Length  of  Eduction  Pipe  26.74  Feet— Aver- 
age Lift  15.73  Feet— Average  Submergence  41.19  Per  Cent.— Compressed  AJr 
In  Casing  Shut  OfT  from  Air  Main. 

same  size  and  length  of  pump  and  the  same  percentage  of  sub- 
mergence, the  discharge  per  given  input  would  necessarily  be 
equal  for  the  two  series,  if  the  efficiencies  were  equal. 

This  conclusion  is  further  justified  by  a  study  of  Fig.  37. 
In  this  figure  the  results  of  three  series  of  runs  have  been  plot- 
ted, which  differ  only  in  the  method  of  obtaining  the  submer- 
gence, the  length  of  eduction  pipe  being  26.74  feet  and  the  same 
size  and  style  of  foot-piece  being  used  for  the  three  series.  The 
submergences  remained  more  nearly  constant  in  this  case  than 
in  the  preceding  one,  and  the  points  are  seen  to  lie  very  nearly 
on  the  same  curve.     In  view  of  the  results  of  these  series  of 
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experiments  the  conclusion  seems  justified  that,  other  condi- 
tions remaining  constant,  there  is  no  advantage  to  be  gained 
by  introducing  compressed  air  above  the  surface  of  the  water  in 
the  well. 

Effect  of  Type  of  Foot-Piece 

Figs.  38  and  39  were  plotted  from  results  of  comparative 
tests  on  three  different  types  of  foot-pieces.  The  three  differ- 
ent types  used  were  the  Harris,  the  Indiana,  and  a  Tee  pump 
which  are  shown  in  section  in  Figs.  11  and  12,  and  are  de- 
scribed on  page  57.  The  conditions  during  the  different  tests 
were  kept  as  constant  as  possible,  although,  as  previously 
stated,  it  was  difficult  to  maintain  the  percentage  of  submer- 
gence the  same  for  the  different  series.  Fig.  38  shows  the  re- 
sults of  three  series  at  a  submergence  of  about  42.5  per  cent. 
The  highest  efficiency  for  a  given  input  is  obtained  either  by  the 
Tee  or  Indiana  pump.  The  points  for  the  Indiana  series  do 
not  lie  on  a  smooth  curve,  so  no  curve  was  drawn  for  this  series, 
but  they  will  average  pretty  close  to  the  line  drawn  for  the 
Tee  pump.  The  percentages  of  submergence  for  the  Indiana 
and  Tee  pumps  were  practically  the  same,  while  the  percentage 
for  the  Harris  pump  was  about  1  per  cent,  higher.  This  higher 
percentage  of  submergence  was,  however,  in  favor  of  the  Harris 
pump,  which  may  be  seen  by  reference  to  Fig.  27. 

In  Fig.  39  are  shown  the  results  of  three  series  of  runs  with 
the  same  foot-pieces,  but  at  a  higher  percentage  of  submergence 
than  shown  in  the  preceding  figure.  It  will  be  seen  from  this 
figure  that  the  highest  efficiency  for  a  given  input  is  obtained 
by  the  Indiana  pump.  The  percentages  of  submergence  for  the 
Harris  and  Indiana  pumps  are  nearly  the  same  with  the  differ- 
ence in  favor  of  the  Harris  pump.  The  percentage  of  submer- 
gence for  the  Tee  pump  is,  however,  2.2  per  cent  higher  than 
the  Indiana  pump.  Correcting  for  this  difference  would  make 
the  efficiency  curve  of  the  Tee  pump  coincide  very  nearly  with 
that  of  the  Indiana  pump.  The  conclusion  to  be  drawn  from 
the  curves  shown  in  Figs.  38  and  39  is  that  both  the  Indiana 
and  Tee  pumps  showed  a  slight  advantage  over  the  Harris 
pump,  while  the  Indiana  and  Tee  pump  showed  practically  the 
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same  eflBciency,  as  nearly  as  could  be  seen  from  the  curves.  It 
should,  however,  be  said  in  favor  of  the  Harris  pump  that  the 
Indiana  pump  was  a  l^,l»-inch  foot-piece  which  was  reduced  to 
lA^-inch  at  the  entrance  to  the  eduction  pipe. 

The  opinion  of  the  writers  on  this  point  is  that  the  type  of 
foot-piece  has  very  little  effect  on  the  efficiency  of  the  pump, 
so  long  as  the  air  is  introduced  in  an  efficient  manner  and  the 
full  cross-sectional  area  of  the  eduction  pipe  is  realized  for 
the  passage  of  the  water.  Anything  in  the  shape  of  a  nozzle 
to  increase  the  kinetic  energy  of  the  air  is  detrimental. 
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Wg.  88.— Curves  Sbowing  the  Effect  of  the  Type  of  Poot-Plece. 

=  Series  16— 1%-Indi  Harris  Poot-Plece— Length  of  Eduction  Pipe  41.50  Peet— Aver- 
age Lift  28.47  Feet— Average  Submergence  48.45  Per  Cent. 

=  Series  16— 1%-Inch  Indiana  Poot-Plece— Length  of  Eduction  Pipe  42.08  Feet — 
Average  Lift  24.20  Feet— Average  Submergence  42.50  Per  Cent. 

=  Series  19— Tee  Pump— Length  of  Eduction  Pipe  41.60  Peet— Average  Lift  28.96 
Peet— Average  Submergence  42.40  Per  Cent. 
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Effect  of  Diverging  Outlet 

Fig.  40  shows  the  effect  of  increasing  the  diameter  of  the 
eduction  pipe  at  its  upper  end,  thus  decreasing  the  velocity  of 
discharge  and  conserving  part  of  the  kinetic  energy  of  the 
velocity  head.  The  two  series  of  experiments  were  performed 
under  similar  conditions,  with  the  exception  that  7.5  feet  of 
2-inch  pipe  and  a  2-inch  elbow  replaced  7.5  feet  of  ll^-inch 
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Pig.  SO.—Curvea  Showing  the  Effect  of  Type  of  Poot-Plece. 

=  Series  14— 1% -Inch  Harris  Poot-PIece— Length  ol  Eduction  Pipe  41.50  Peet— Aver- 
age Lift  7.66  Peet— Average  Submergence  81.54  Per  Cent. 

=  Series  17— 1%-Indi  Indiana  Poot-Plece— Length  of  Eduction  Pipe  42.06  Peet— 
Average  Lift  7.68  Peet— Average  Submergence  81.95  Per  Gent. 

=  Series  18— Tee  Pump— Length  of  Eduction  Pipe  41.60  Peet— Average  Lift  6.68 
Peet— Average  Submergence  84.18  Per  Cent. 


pipe  and  a  li/4-inch  elbow  at  the  upper  end  of  the  eduction 
pipe.  The  enlargement  from  the  li4-inch  pipe  to  the  2-inch 
pipe  was  made  by  means  of  a  standard  cast-iron  reducer.  The- 
enlargement  of  the  upper  part  of  the  pipe  caused  a  large  in- 
crease in  the  discharge  and  hence  in  the  eflSciency.  This  dia- 
gram illustrates  forcibly  the  necessity  of  keeping  the  velocity 
at  the  outlet  as  small  as  possible.  Had  the  experiment  been 
made  with  a  more  gradual  enlargement,  increasing  the  diam- 
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eter  at  the  outlet  to  a  larger  diameter,  still  better  results  would 
doubtless  have  been  secured. 


0  50  100  .  150  200 
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Fig.  40.— Curves  Showing  the  Effect  ol  a  Diverging  Outlet. 

©  =  Series  11— l>/4-Inch  Harris  Foot- Piece— Length  of  Eduction  Pipe  26.74  Feet— Aver- 
age Lilt  4.74  Feet— Average  Submergence  82.40  Per  Cent. 

Q  =:  Series  IS— 1^-Inch  Harris  Foot-Piece— Length  ol  Eduction  Pipe  26.74  Feet— Aver- 
age Lift  4.79  Feet— Average  Submergence  82.23  Per  Cent.— 7.6  Feet  of  1%- 
Inch  Pipe  at  Upper  End  of  Eduction  Pipe  Replaced  by  2-Inch  Pipe. 

This  method  of  pipiug  the  well  may  be  used  to  advantage 
when  the  lower  part  of  the  well  is  of  a  smaller  bore  than  the 
upper  part. 
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STUDY  OP  THE  SIZE  OP  AIR  BUBBLES 

Reference  has  been  made,  on  a  previous  page,  to  the  fact 
that  there  is  a  difference  of  opinion  as  to  the  desirability  of 
having  the  air  in  small  bubbles  in  the  rising  column  of  water. 

Experiments  made  with  small  glass  tubes  generally  show 
the  bubbles  to  be  of  a  practically  uniform  size  and  of  the  form 
shown  in  Pig.  3  (b) ;  the  horizontal  cross-sectional  area  of  the 
bubble  being  about  one-half  the  area  of  the  pipe  bore.  Under 
these  conditions  the  bubbles  rise  with  a  uniform  motion  and 
with  very  little  disturbance  of  the  intermediate  layers  of  water. 
The  action  in  a  large  pipe  under  operating  conditions  of  veloc- 
ity, etc.,  are,  however,  quite  different. 

The  sixteen  feet  of  glass  pipe  forming  part  of  the  eduction 
pipe  used  in  the  Wisconsin  experiments  afforded  a  good  oppor- 
tunity to  study  the  action  of  the  air  in  a  pump  of  commercial 
size,  under  the  conditions  of  the  first  experiments.  The  Harris 
foot-piece  used  in  this  series  of  experiments  was  designed,  as 
shown  in  Pigs.  11  and  12,  to  discharge  the  air,  in  the  form  of 
a  thin  shell,  through  an  annular  slit  in  the  upper  end  of  the 
nozzle  just  below  the  entrance  to  a  contracted  tube  or  sleeve ; 
the  evident  purpose  of  the  design  being  to  promote  such  an 
intimate  mixture  of  the  air  and  water  as  would  result  in  the 
production  of  small  bubbles.  If  such  action  occurred,  its  effect 
was  largely  lost  before  the  mixture  of  air  and  water  rose  to 
the  beginning  of  the  glass  pipe,  which  was  about  a  foot  above 
the  air  nozzle. 

When  the  air  was  admitted  to  the  pump  at  a  very  low  rate, 
so  that  it  simply  rose  through  the  water  without  pumping,  the 
bubbles  took  the  form  of  a  single  convex  lens,  with  the  convex 
side  upward.  The  under  side  of  the  bubbles  was  a  practically 
level  water  surface,  and  the  edges  of  the  bubbles  were  quite 
sharp.  The  diameter  of  the  bubble  appeared,  through  the  cy- 
lindrical glass  walls,  to  be  nearly  as  great  as  the  diameter  of 
the  pipe  bore.  Such  bubbles  rose  through  the  water  with  very 
steady  uniform  motion.    Between  such  bubbles  were  occasional 
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smaller  ones,  in  which  the  surface  tension  was  great  enough  to 
cause  them  to  tend  toward  an  oblate  spheroid  in  form,  though 
their  motion  was  so  irregular  as  to  cause  them  to  go  through 
violent  contortions. 

As  the  rate  of  air  admission  was  increased  the  longitudinal 
Axis  of  the  bubbles  was  lengthened ;  the  shape  of  the  bubbles 
becoming  ovoid,  with  the  bottom  still  flat,  but  the  edges  no 
longer  sharp.  With  a  further  increase  in  the  rate  of  air  ad- 
mission this  general  form  of  bubble  persisted  until  the  vertical 
axis  became  five  or  six  diameters  long.  A  greater  rate  of  air 
admission  caused  a  discharge  of  water  which  altered  the  con- 
ditions as  to  actual  velocities,  pipe  friction,  etc. 

Under  the  conditions  of  pumping  it  was  diflScult  to  observe 
the  form  of  the  bubbles  precisely  on  account  of  the  velocity 
with  which  they  shot  through  the  pipe.  Under  practically  all 
rates  of  pumping  the  bubbles  appeared  to  be  quite  imiform  in 
length  near  the  foot-piece,  being  about  a  foot,  or  about  ten 
•diameters,  long.  The  lower  end  of  the  bubble  was  quite  flat, 
but  the  upper  end  appeared  to  have  lost  the  regularity  of  form 
which  was  so  noticeable  at  slow  rates  of  air  admission.  The 
bubbles,  in  short,  appeared  as  cylindrical  pistons  of  air  prac- 
tically filling  the  pipe.  Between  the  large  air  bubbles  were 
pistons  of  water,  of  length  about  equal  to  that  of  the  air  pis- 
tons. In  the  lower  part  of  these  pistons  of  water  were  numer- 
ous small  bubbles  of  air  about  the  size  of  peas.  The  upper 
part  of  the  water  piston,  which  consisted  principally  of  water 
which  had  slipped  down  past  the  next  large  air  piston  above, 
was  clear  and  free  from  bubbles. 

As  the  pistons  approached  the  upper  end  of  the  glass  pipe 
there  were  frequent  sudden  disturbances  caused  by  one  of  the 
water  pistons  losing  its  equilibrium  and  slipping  bodily  down 
past  the  air  piston  below  it,  thus  making  two  adjacent  water 
and  air  pistons  of  double  the  average  length. 

Large  bubbles,  having  greater  buoyancy  per  unit  area  of 
surface,  rise  more  rapidly  through  a  liquid  than  do  small  bub- 
bles. The  large  bubbles,  therefore,  overtake  the  smaller  ones 
and  coalesce  with  them.  Likewise  eddies  in  the  water  cause 
bubbles  to  impinge  upon  one  another  and  coalesce.  It  appears 
from  the  Wisconsin  experiments,  with  the  Harris  foot-piece, 
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that  the  conditions  of  air  admission  and  flow  in  the  foot-piece 
were  such  as  to  cause  most  of  the  bubbles  to  coalesce  within  a 
space  of  a  few  pipe  diameters  above  the  foot-piece.  The  con- 
ditions of  the  experiments  with  the  Indiana  and  Tee  foot-pieces 
did  not  admit  of  inspection  of  the  air  in  rising  through  the 
eduction  pipe. 

Experiments  made  by  Professor  E.  Josse,  in  which  he  used  a 
section  of  glass  pipe  in  air  lift  pumps  of  79  and  78  mm.  diam- 
eter respectively,  showed  the  action  of  the  air  and  water  to  be 
exactly  similar  to  that  occurring  in  the  somewhat  smaller 
pump  used  in  the  jpresent  experiments,  with  the  exception  that 
his  description*  would  indicate  that  there  are  many  more 
small  bubbles  in  the  water  pistons  which  are  described  as  being 
foam-Uke.  In  his  experiments  the  foot-piece  was  quite  similar 
to  our  Tee  foot-piece,  but  the  air  was  admitted  to  the  eduction 
pipe  through  a  narrow  annular  slit  around  the  pipe  wall. 


♦  Prof.  E.  Josse,  Druckluft-Wasserheber,  Zeit.  des  Ver.  Deutscher  In- 
£:enieure,  Band  42,  seite  981,  Sept.  3,  1898. 
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RESULTS  OF  PREVIOUS  EXPERDIENTS 

While  there  have  been  many  tests  made  on  actual  wells,  the 
facilities  for  varying  the  conditions  of  operation  or  for  mak- 
ing accurate  measurements  of  the  quantities  have  been  limited, 
and  knowledge  of  comparative  tests  is,  therefore,  confined 
chiefly  to  laboratory  tests.  Brief  outlines  of  those  tests  with 
which  the  writers  have  become  familiar  will  be  found  in  the 
succeeding  paragraphs. 

Browne  and  Behr  Experiments, — The  experiments  were  per- 
formed on  a  10-incli  well  with  a  depth  of  55  feet.  The  diameter 
of  the  eduction  pipe  used  was  three  inches,  with  lengths  of 
51.6,  88.3,  and  128.2  feet.  The  diameter  of  the  air  pipe  was  1 
inch,  and  a  Pohle  foot-piece  with  a  nozzle  %  inches  iij  diam- 
eter was  used.  The  water  was  measured  by  means  of  a  weir 
and  the  air  by  volumetric  measurement,  checked  by  the  flow 
through  an  orifice.  The  eflBciency,  based  on  the  least  work  the- 
oretically required  to  compress  the  air,  so  that  it  did  not  in- 
clude the  compressor,  ranged  from  2  to  53  per  cent.  The  con- 
clusions derived  from  these  experiments  were: 

(1)  Efficiency  for  a  given  lift  and  submergence  was  great- 
est when  the  pressure  in  the  receiver  did  not  greatly  exceed  the 
head  due  to  submergence. 

(2)  Efficiency  increased  with  the  percentage  of  submergence. 

Josse's  Experim^^nts. — Experiments  performed  at  the  techni- 
cal institute  at  Charlottenburg,  Germany.  The  comparative 
tests  undertaken  were:  (1)  with  a  lift  having  a  discharge 
pipe  119.75  feet  long  and  corrugations  of  2.76  and  3.07  inches 
in  minimum  and  maximum  diameter,  (2)  with  a  lift  having  a 
smooth  discharge  pipe  of  the  same  length  and  2.76  inches  in 
diameter,  and  (3)  with  a  lift  having  a  smooth  discharge  pipe 
of  the  same  length  and  3.07  inches  in  diameter.  Three  com- 
parative tests  were  made  under  above  conditions,  differing  in 
the  percentage  of  submergence.  The  water  was  measured  by- 
volumetric  measurement  and  the  amount  of  air  computed  from 
the  number  of  strokes  of  the  air  piston  and  cards  taken  from 
the    air    cylinder,     which    gave    the    volumetric     efficiency 
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Computations  checked  by  volumetric  measurement  and  found 
to  be  sufficiently  accurate.  The  efficiency  was  calculated  from 
the  indicated  work  done  in  the  air  cylinder  and  the  lift  and 
volume  of  water  raised. 

Conclusions :  Under  similar  conditions  the  smooth  pipe  gave 
an  efficiency  of  about  45  per  cent.,  the  corrugated  pipe  about 
25.7  per  cen^.  and  about  half  as  much  water  delivered  in  the 
case  of  the  corrugated  pipe.  However,  the  foot-pieces  used 
with  the  two  types  of  discharge  pipe  differed,  the  smooth  pipe 
having  a  foot-piece  which  discharged  the  air  all  around  the 
circumference  of  the  pipe,  while  in  the  case  of  the  corrugated 
pipe  the  air  was  introduced  by  a  simple  U  bend  at  the  bottom 
of  the  air  pipe,  with  its  free  end  in  the  center  of  the  discharge 
pipe.  In  order  to  test  the  influence  of  this  foot-piece,  a  series 
of  experiments  were  made  using  the  U  bend  foot-piece  with 
the  smooth  discharge  pipe.  It  was  found  that  at  high  rates  of 
pumping  there  was  practically  no  difference  in  the  discharge, 
but  that  at  normal  rates  the  foot-piece  discharging  the  air  ^ 
around  the  circumference  of  the  pipe  discharged  about  25  per 
cent,  more  water. 

A  series  of  runs  in  which  the  submergence,  lift,  type  of  foot- 
piece  and  size  of  discharge  pipe  remained  constant,  showed  that 
by  increasing  the  amount  of  air  the  water  discharged  increased 
to  a  certain  point  and  then  decreased. 

A  series  of  experiments  were  also  made  on  actual  wells  from 
which  Professor  Josse  deduced  the  following  conclusions: 
(1)  If  submergence  and  lift  be  kept  constant,  the  amount  of 
air  per  volume  of  water  will  not  vary  much  with  the  size  of 
the  pump.  (2)  With  increasing  lift  the  volume  of  air  per 
volume  of  water  increases,  and  hence  the  efficiency  decreases. 
(3)  Other  things  being  equal,  an  increase  in  the  area  of  the 
discharge  pipe  of  20  per  cent,  only  increased  the  discharge  1.2 
per  cent. 

The  efficiencies  varied  from  20  to  45  per  cent,  in  the  labora- 
tory tests,  and  from  22  to  28  per  cent,  in  operating  wells. 

Kelly's  Experiments. — Experiments   performed    at   Preesall, 
Lancashire,  on  actual  wells.    Water  measured  by  volumetric 
measurement.     Air  measured  by  piston  displacement  and  in- 
dicator cards  were  taken  from  steam  and  air  cylinders.    Effi- 
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ciencies  were  calculated  from  the  ratio  of  th^  work  done  in 
raising  the  water  to  the  work  indicated  in  the  air  cylinders  of 
the  compressor. 

Same  general  result  obtained  in  regard  to  eflBciency,  dis- 
charge and  ratio  of  volume  of  air  to  volume  of  water,  when 
one  well  was  working  alone  or  when  two  or  three  were  work- 
ing together.  One  well  was  piped  according  to  the  side  inlet 
system  and  three  wells  were  piped  according  to  the  annular 
tube  system,  the  air  entering  the  eduction  pipes  through  their 
open  ends.  The  size  of  air  and  eduction  pipe  varied  for  the 
different  wells.  In  the  well  piped  according  to  the  side  inlet 
system,  the  upper  end  of  eduction  pipe  was  enlarged  from  4 
to  6  inches  in  diameter  in  order  to  reduce  the  velocity  of  dis- 
charge. Total  length  of  eduction  pipe  varied  from  433  feet  to 
323  feet  for  the  different  wells.  The  highest  efficiency  was 
about  40  per  cent.,  obtained  when  three  wells  were  working 
together. 

Conclusions : 

(1)  Highest  efficiency  obtained  at  lowest  rate  of  working. 

(2)  Discharge  increases  as  the  rate  of  working  increases, 
with  a  tendency  to  decrease  after  the  rate  of  working  reaches 
a  certain  point. 

(3)  A  percentage  of  submergence  of  60  gave  a  better  effi- 
ciency than  one  of  50,  other  conditions  remaining  the  same. 

(4)  A  well  piped  with  5-inch  eduction  and  7-inch  air  pipe 
gave  higher  efficiencies  than  one  piped  with  a  4-inch  eduction 
and  6-inch  air  pipe,  other  conditions  remaining  the  same. 

(5)  The  well  piped  with  the  side  inlet  system  and  diverging 
outlet  appeared  to  give  better  results  than  the  other  wells, 
the  cross  sectional  area  of  the  eduction  pipe  remaining  equal. 

(6)  The  action  of  the  compressed  air  in  an  air  lift  may  be 
either  similar  to  that  of  a  piston  in  a  cylinder,  it  may  form  an 
emulsion  with  the  water,  or  it  may  produce  a  combination  of 
both,  the  result  depending  on  the  rate  of  working.  The  piston 
like  layers  were  obtained  with  the  higher  rates  of  working. 

Darapsky  and  Schubert  Analysis  of  Experiments. — An  analy- 
sis of  Prof.  Josse's  and  other  experiments,  performed  by  the 
firm  of  Desenisz  and  Jacobi,  from  which  the  authors  deduce  an 
empirical  formula  for  computing  the  amount  of  air  required 
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per  volume  of  water  pumped,  and  from  which  by  the  aid  of  a 
theoretical  analysis,  they  deduce  the  following  conclusions : 

(1)  The  lift  and  velocity  remaining  constant  the  efficiency 
increases  as  the  percentage  of  submergence  increases. 

(2)  The  lift  and  percentage  of  submergence  remaining  con- 
stant the  efficiency  decreases  as  the  velocity  increases. 

(3)  The  submergence  and  velocity  remaining  constant  the 
efficiency  decreases  as  the  lift  increases. 

(4)  The  percentage  of  submergence  and  velocity  remaining 
constant  the  efficiency  decreases  slightly  with  the  lift. 

A  few  experiments  with  glass  tubes  showed  that  by  adding 
a  very  short  length  of  pipe  to  the  pump  as  a  tail-piece,  the  dis- 
charge as  compared  with  the  discharge  without  a  tail-piece, 
was  first  diminished,  then  increased  and  again  diminished  as 
the  length  of  the  tail-piece  was  increased,  the  supply  of  air  to 
the  pump  remaining  constant.  In  the  case  of  a  1.88-inch  pipe 
the  maximum  discharge  was  obtained  when  the  length  of  the 
tail-piece  was  about  twelve  times  the  diameter. 

Westinghouse  Air  Brake  Go's,  Ej^periments. — An  extensive 
series  of  tests  comprising  nearly  1,800  different  experiments, 
covering  nearly  400  different  combinations  of  discharge  pipe, 
diameter,  lift  and  submergence,  were  made  by  the  Westing- 
house  Air  Brake  Co.  The  results  and  conclusions  of  the 
tests  have  been  published,  but  no  numerical  data  or  curves 
showing  the  relation  of  discharge,  air  consumption,  etc.,  have 
been  given  to  the  public.  The  experiments  were  all  made  on  an 
actual  well,  6  inches  in  diameter  and  174  feet  deep.  The  dis- 
charge was  weighed  and  amount  of  air  computed  by  observing 
the  initial  and  final  pressures  in  a  tank  of  known  volume. 
The  following  conclusions,  taken  from  an  article  in  the  Engi- 
neering News  of  June  18,  1908,  indicate  what  these  tests 
showed. 

(1)  The  rate  of  delivery  of  water,  and  the  air  consumption 
per  gallon,  with  fixed  size  of  discharge  pipe,  are  practically 
constant  for  all  lifts,  provided  the  ratio  of  lift  to  submergence 
is  maintained  constant. 

(2)  With  a  discharge  pipe  of  given  diameter,  the  delivery 
decreases  and  the  air  consumption  per  gallon  increases  as  the 
ratio  of  lift  to  submergence  increases. 
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(3)  With  a  fixed  ratio  of  lift  to  submergence,  the  air  con* 
sumption  per  gallon  decreases  as  the  size  of  the  discharge  pipe 
increases. 

(4)  The  least  air  pressure  that  will  give  continuous  flow  is 
the  proper  pressure  to  use.  A  slightly  lower  pressure  gives 
intermittent  delivery,  and  the  amount  delivered  is  much  de- 
creased, though  the  air  consumption  per  gallon  is  slightly 
lower  than  with  continuous  flow.  With  pressure  higher  than 
just  enough  to  give  continuous  flow,  the  delivery  is  increased 
somewhat,  but  the  air  consumption  per  gallon  delivered  is  in- 
creased in  greater  ratio ;  and  with  further  increase  in  air  pres- 
sure a  point  of  maximum  delivery  is  reached,  beyond  which  the 
delivery  is  decreased  in  amount.  The  sound  of  the  discharge 
is  a  reliable  guide  to  proper  regulation  of  the  air  supply. 

(5)  It  appears  from  (2)  that  by  increasing  the  submergence, 
i.  e.  locating  the  foot-piece  deeper  down  in  the  water,  for  a 
given  lift,  the  air  consumption  is  progressively  reduced.  But 
as  the  required  air  pressure  is  increased  with  the  greater  depth, 
a  cubic  foot  of  air  represents  greater  power.  A  curve  repre- 
senting the  variation  of  horsepower  required  per  gallon  of 
water  delivered,  with  depth  varying,  shows  that  the.  power 
first  decreases  with  increasing  depth,  then  reaches  a  nMBEimum 
and  thence  increases.  The  ratio  of  lift  to  submergence  at  this 
minimum  point  may  be  called  the  ** economical  ratio." 

(6)  For  a  given  size  of  discharge  pipe  the  economical  ratio 
decreases  as  the  lift  increases ;  i.  e.  the  submergence  should  be 
increased  in  greater  ratio  than  the  lift.  For  a  given  lift,  the 
economical  ratio  increases  (submergence  decreases)  as  the  size 
of  discharge  pipe  increases. 

(7)  A  tail-piece  or  projection  of  the  discharge  pipe  below 
the  air  inlet  is  essential  in  starting,  as  it  tends  to  prevent 
the  air  from  backing  down  into  the  well  and  rising  in  the  cas- 
ing outside  the  discharge  pipe. 

(8)  Anything  in  the  shape  of  a  jet  or  pipe  introduced  into 
the  discharge  pipe  to  serve  as  an  air  inlet  has  no  value,  and  is, 
in  fact,  detrimental  by  forming  an  obstacle  to  the  free  pas- 
sage of  water. 

(9)  The  size  of  the  air  pipe  is  determined  only  by  consid- 
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erations  of  friction  loss  required  to  force  the  air  through  the 
pipe. 

Duty  Tests 

The  published  results  of  duty  tests  on  air  lift  plants  are 
few  in  number.  The  plant  is  usually  so  arranged  that  a  duty 
test  is  rather  difficult  to  make,  as  the  compressor  takes  steam 
from  the  same  main  as  the  force  pumps.  In  order  to  give  the 
reader  an  idea  of  the  performance  of  an  air  lift  plant  figured 
on  a  duty  basis,  the  following  published  tests  are  herewith 
appended  : 

**The  plant  at  Atlantic  City,  N.  J.,  showed  a  satisfactory 
duty  ranging  roughly  from  20,000,000  to  25,000,000  foot 
pounds  work  per  1,000  pounds  of  dry  steam.  The  pumping 
plant  comprised  a  Rand  duplex  flywheel  compressor,  having 
10-inch  and  16-inch  cross  compound  steam  cylinders  of  12-inch 
stroke,  13xl2-inch  air  cylinder,  Corliss  inlet  valves,  and  poppet 
discharge  valves;  a  compressor  of  the  same  type  with  11-inch 
and  18xl4-inch  stroke  steam  end  and  16xl4-inch  air  end,  hav- 
ing Meyer  adjustable  valves  on  the  steam  cylinders;  a  Wain- 
wright  surface  condenser ;  a  Deane  combined  wet  vacuum  and 
circulating  pump,  with  5V2x7-inch  steam  end  and  6x7-inch 
pumps;  an  air  receiver  28  inches  by  8  feet;  and  galvanized 
piping  to  the  wells,  with  valves.  The  smaller  compressor  was 
to  be  in  reserve.  The  contract  price  for  the  pumping  equip- 
ment complete  was  $8,250.  Plant  consisted  of  13  wells  with 
a  capacity  of  about  5,450,000  gallons  per  24  hours.  The  aver- 
age lift  is  about  27  feet  and  submergence  about  60  per  cent." 

**A  comparison  between  the  efficiency  of  wells  pumped  with 
air  lift  and  steam  deep  well  pumps  at  Waukesha,  Wis.,  showed 
an  efficiency  of  between  16  and  18  per  cent,  for  air  lift  based 
on  I.  H.  P.  in  steam  cylinder  and  an  efficiency  of  74.8  per  cent, 
for  deep  well  pumps  based  on  I.  H.  P.  of  engine.'' 
Air  Lift. 

Duty  per  100  pounds  of  coal 8,200,000  foot  pounds 

Duty  per  1,000  pounds  of  steam. .  .11,940,000  foot  pounds 
Deep  Well  Pumps. 

Duty  per  100  pounds  of  coal 34,500,000  foot  pounds 

Duty  per  1,000  pounds  of  steam. .  .53,300,000  foot  pounds 
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In  a  paper  read  before  the  American  Water  Works  Associa- 
tion, Mr.  D.  W.  Mead  estimates  the  duty  of  an  air  lift  plant 
for  different  types  of  compressors  as  follows,  assuming  the  effi- 
ciency (based  on  I.  H.  P.  in  steam  cylinder)  of  the  air  lift  to 
vary  from  15  to  25  per  cent. 


Steam  con- 
sumption, 
pounds  dry  steam 
per  I.  H.  P. 

DutA%  in  million  foot  pounds  with 

Type  of  Compressor 

16  per  cent, 
efficiency 

25  per  cent, 
efficiency 

Compound  Corliss 
compressor 

leto  20 
22  to  28 
35  to  40 
40  to  60 
50  to  80 

19  to  30 

13  to  10 

9.5  to  8.5 

8.5  to  5 

6  to  4.5 

31  to  25 

Simple  condensiDflT  Corliss 
compressor 

22.5  to  18 

Simple  Corltss 
compressor 

14  to  12 

Well  designed  hlfirh  pressure 
compressor 

12  to  8 

Small  straifrht  line 
compressor 

10  to  6 
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CONCLUSION 

A  comparison  of  the  advantages  and  disadvantages  of  the 
air  lift  pump  shows  that  there  is  a  field  of  usefulness  of  suffi- 
cient magnitude  to  make  it  an  important  apparatus  deserving 
of  further  theoretical  and  experimental  study.  From  a  study 
of  the  foregoing  discussion  and  accompanying  data,  ideas  in 
regard  to  improvement  in  the  design  will  no  doubt  be  sug- 
gested to  the  designer  or  experimenter.  However,  a  full  re- 
alization of  the  complexity  of  the  action  must  be  appreciated, 
as  also  the  number  of  variables  which  enter  into  the  problem. 
In  order  to  facilitate  the  study  of  results,  the  variables  which 
may  affect  a  particular  type  and  size  of  pump  are  again  given  at 
this  place.  They  are  (1)  percentage  of  submergence,  (2)  lift, 
(3)  discharge,  (4)  volume  of  air,  (5)  pressure  of  air.  The 
conclusions  which  may  justifiably  be  deduced  from  the  Wis- 
consin experiments  are  given  below,  and  hold  only  fpr  the 
particular  type,  size  and  length  of  pump  on  which  the  experi- 
ments were  performed.  The  inference,  however,  may  be  drawn 
that  these  conclusions  would  hold  for  other  types  and  sizes. 

(1)  The  central  air  tube  pump  has  the  greatest  theoretical 
capacity  for  a  given  size  of  well. 

(2)  The  coefficient  of  pipe  friction  and  slip  decreases  as  the 
discharge  increases,  and  decreases  as  the  ratio  of  volume  of  air 
to  volume  of  water  increases.     (See  Fig.  20.) 

(3)  The  coefficient  of  pipe  friction  and  slip  varies  with  the 
length  of  pump,  but  seems  to  be  independent  of  the  percentage 
of  submergence  and  of  the  lift. 

(4)  The  length  of  pump,  the  percentage  of  submergence, 
and  therefore,  the  lift  remaining  constant,  there  is  a  definite 
quantity  of  air  causing  the  maximum  discharge.  This  quan- 
tity of  air  for  maximum  discharge,  as  also  the  ratio  of  volume 
of  air  to  volume  of  water,  differs  for  different  percentages 
of  submergence  and  lift,  the  length  of  the  pump  remaining 
constant.    (See.  Fig.  21.) 

(5)  The  length  of  pump  remaining  constant,  the  maximum 
output  (e.  g.  foot  gallons)  occurs  at  about  the  same  percent- 
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age  of  submergence  for  all  rates  of  air  consumption,  being  at 
from  61  to  65  per  cent,  for  the  pump  used  in  the  Wisconsin 
experiments.  At  other  submergences  the  output  varies  as  the 
ordinates  of  a  parabola  having  a  vertical  axis.  Under  these 
conditions  the  lift  does  not  remain  constant  as  the  percentage 
of  submergence  varies.    (See  Figs.  23  and  24.) 

(6)  The  length  of  pump  and  percentage  of  submergence  re- 
maining constant,  and  therefore  constant  lift,  the  efficiency 
increases  as  the  input  decreases,  that  is,  the  highest  efficiencies 
are  obtained  at  the  lowest  rates  of  pumping.  (See  Figs.  27, 
28,  and  30.) 

(7)  By  varying  the  percentage  of  submergence,  and  there- 
fore the  lift,  the  length  of  pump  remaining  constant,  the  maxi- 
mum efficiency  is  obtained  at  approximately  63  per  cent,  sub- 
mergence for  all  rates  of  input  or  discharge.  (See  Figs,  27, 
28,  and  29.) 

(8)  The  lift  remaining  constant,  the  efficiency  increases  as 
the  percentage  of  submergence  increases,  for  all  rates  of  input 
and  all  practical  percentages  of  submergence.  (See  Figs.  30 
and  31.) 

(9)  With  the  same  size  and  type  of  pump,  the  percentage  of 
submergence  remaining  constant,  the  efficiency  increased  as 
the  lift  increased  for  the  small  lifts  experimented  on,  that  is, 
up  to  about  24  feet.  From  a  theoretical  study,  however,  the 
indications  are  that  a  point  will  be  reached  from  which  the 
efficiency  will  decrease  as  the  lift  increases.  (See  Figs.  32, 
33  and  34.) 

(10)  Other  conditions  remaining  constant,  there  is  no  advan- 
tage to  be  gained  by  introducing  compressed  air  above  the 
surface  of  the  water  in  the  well.     (See  Figs.  35,  36,  and  37.) 

(11)  The  type  of  the  foot-piece  has  very  little  effect  on  the 
efficiency  of  the  pump,  so  long  as  the  air  is  introduced  in  an 
efficient  manner  and  the  full  cross  sectional  area  of  the  educ- 
tion pipe  is  realized  for  the  passage  of  the  liquid.  Anything 
in  the  shape  of  a  nozzle  to  increase  the  kinetic  energy  of  the 
air  is  detrimental.    (See  Figs.  38  and  39.) 

(12)  A  diverging  outlet  which  will  conserve  the  kinetic 
energy  of  the  velocity  head  increases  the  efficiency.  (See  Fig. 
40.) 
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TABLE  I 

Series  I 

U  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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.57661   .00923 
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43.77 
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6.265 
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4.775 

1.08 

.2199 

2 

.04429 

18.061 

22.222 

.5834    .00933 

4.187 

44.39 

10.743 

6.2(8 

28.209 

4.747 

1.0& 

.2200 

3 

.18067 

19.104 

108.380 

.6867    .01098 

4.928 

43.47 

10.923 

7.501 

6.921 

16.446 

1.29 

4 

.12338 

18.445 

64.880 

.7500    .01200 

5.386 

43.26 

10.963 

8.222 

12.683 

10.282 

1.41 

.0788 

5 

.12004 

18.480 
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5.399 
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18.182 

15.731 
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.7382 

V 
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11 
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12 
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9.f06 

9.079 

19.946 

5.. -67 

1.74 

.0863 
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.1S004 
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19 
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20 
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18.5fel 
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1.66 

.0880 

21 
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6.267 
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8.814 
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6.207 

1.(3 

.0805 

22 

.on58 
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28.433 

.8772    .0HO3 
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47.35 

10.172 

8.928 
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5.102 

1.64 

.0978 

28 

.05C65 

18.511 

30  825 

.&J84 

.01373 

6.1f3 

47.47 

10. ICO 

8.712 

28.264 

4.126 

1.61 

.1141 
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Series  I — Continued 

1^  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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Sebies  I — Continued 
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BULLETIN   OF  THE    UNIVERSITY    OF   WISCONSIN 


Series  I — Continued 

114  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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Semes  I — Continued 

1^  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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Series  I — Continued 

114  inch  Harris  Pump 

Lengtn  of  Eduction  Pipe  19.32  feet 
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Semes  I — Continued 

11/4  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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Series  I — Continued 

1%  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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Series  I — Continued 

1%  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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BULLETIN   OF  THE   t'NIVERSITY    OF   WISCONSIN 


Series  I — Continued 

114  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 
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Sebies  2 

1^  inch  Harris  Pump 

Lrength  of  Eduction  Pipe  19.32  feet 
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BULLEi'IN  OP  THE   UNIVERSITY    OF  WISCONSIN 


Series   3 

1%  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 

Average  lift  3.44  feet 

Average  Submergence  82.19  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  Connected  with  Air  Main 
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Series  4 

1%  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 

Average  Lift  3.29  feet 

Average  Submergence  82.97  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  Shut  off  from  Air  Main 
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BULLETIN  OF  THE    UNIVERSITY    OB^  WISCONSIN 


Shoes  5 
l\i  inch  Annular  Air  Tube  System 
Length  of  Eduction  Pipe  19.32  feet 

Average  Lift  3.02   feet 
Average  Submergence  84.37  per  cent 
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Series  6 

1^4  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 

Average  Lift  11.40  feet 

Average  Submergence  40.97   per  cent 

Well  Casing  open  to  Atmosphere 
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BULLETIN  OF  THE   UNIVERSITY   OF  WISCONSIN 


Sebies  7 

1^/4  inch  Harris  Pump 

Length  of  Eduction  Pipe  19.32  feet 

Average  Lift  10.88  feet 

Average  Submergence  43.66  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  shut  ofC  from  Air  Main 
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Sebies  8 

1^  inch  Harris  Pump 

Length  of  Eduction  Pipe  26.74  feet 

Average  Lift  15.70  feet 

Average  Submergence  41.29  per  cent 

Well  Casing  open  to  Atmosphere 
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BULLETIN   OF  THE    UNIVERSITY    OF  WISCONSIN 


Series  9 

114  Inch  Harris  Pump 

Length  of  Eduction  Pipe  26.74  feet 

Average  Lift  16.02  feet 

Average  Submergence  40.08  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  Connected  with  Air  Main 
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Series  10 

ly^  inch  Harris  Pump 

Length  of  Eduction  Pipe  26.74  feet 

Average  Lift  15.73  feet 

Average  Submergence  41.19  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  Shut  oft  from  Air  Main 
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BULLETIN  OF  THE    UNIVERSITY    OF   WISCONSIN 


Series  11 

1^4  inch  Harris  Pump 

Length  of  Eduction  Pipe  26.74   feet 

Average  Lift  4.74  feet 

Average  Submergence  82.40  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  Shut  oft  from  Air  Main 
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Series  12 

1%  inch  Harris  Pump 

Length  of  Eduction  Pipe  26.74  feet 

Average  Lift  4.48  feet 

Average  Submergence  83.26  per  cent 

Supply  of  Compressed  Air  in  Well  Casing  Connected  with  Air  Main 
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BULLETIN   OP  THE    UNIVERSITY   OP  WISCONSIN 


Seues  13 

114  inch  Harris  Pump 

Length  of  Eduction  Pipe  26.74  feet 

Average  Lift  4.79  feet 

Average  Submergence  82.23  per  cent 

7.5  feet  of  2-inch  Pipe  at  Upper  End  of  Eduction  Pipe 
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Series  14 
l\i  inch  Harris  Pump 

Length  of  Eduction  Pipe  41.50  feet 
Average  Lift  7.66  feet 

Average  Submergence  81.54  per  cent 
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BULLETIN  OP  THE   UNIVERSITY    OF  WISCONSIN 


Series  15 
1^4  inch  Harris  Pump 

Length  of  Eduction  Pipe  41.50  feet 
Average  Lift  23.47  feet 

Average  Submergence  43.45  per  cent 
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Series  16 

114  inch  Indiana  Pump 

Length  of  Eduction  Pipe  42.08  feet 

Average  Lift  24.20  feet 
Average  Submergence  42.50  per  cent 


5 

a 

a 


4L1 
462 
463 
464 
465 
466 
467 
4€« 
460 
470 


I 


*  S  ■ 


I 

h 


fc.T3 
±  C 

-8 

tl 

-I 


6 

7 

8 

CTJ 

c 

^'2 

53 

a 

i 

«s  ^ 

0)  <v 

•?•= 

•fi^ 

S" 

J»9 

5S 

^w 

% 

s 

10 


§;= 


S      3^ 


11 


e 

u 


12 


"'fe 

I* 

p  a» 

is 
^5 


«80 


^a 
^W 


13 


11 

o— 


.063851  22.504    61.960 


.08435 
.10107 
.11530 
.13223 


.12171 
.16194 


J 


22.784  83.680 

22.8»3  101.700  1.0839 

I 
23.135  118.6C0  1.0369 


0.9346'  .01495  O.HO'  42.78  24.079 

III 
1.0533    .01685;    7.568     42.40,  24.289 


.01734     7.782 


.01737 


23.447  139.660  1.0642;  .01785 

22.562,  38.830  0.6931;  .01109 

22.5561  58.300  0.9791 1  .01  %€ 

22.775!  90.C30  1.1111  .0177i 


23.846  128.870'  1.1309 

I 
24.286184.150   0.9761 


.0180S 
.01562 


7.795 


t 


25.625 


42.25    24.804    26.842 
42.4l!  24.28<i    26.818 


22.604   86.806  4.272. 

30.540;  5.006  . 

25.9081  5.829. 

i  ! 

22.178  6.638i. 


7.787  42.19  24.327  26.376  18.g87  7.022  . 


4.977 

48.56 

28.758' 

16.462 

42.400 

1 
8.550 

7.028 

42.79 

24.077 

23.578 

40.435 

8.767 

7.980 

42.22 

24.818 

27.018 

29.8071 

6.0(0 

8.119 

42.16 

24.340 

27.527 

21.8tO 

6.728 

7.010     42.26,  24.813   28.720   12,m\    10.868  . 

I  I  I 


14 


oo 


[553] 


Digiti 


zed  by  Google 


150 


BULLETIN  OF  THE   UNIVERSITY    OF   WISCONSIN 


Sebies  17 

1^  inch  Indiana  Pump 

Length  of  Eduction  Pipe  42.08  feet 

Average  Lift  7.63  feet 
Average  Submergence  81.95  per  cent 
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Se;kies  18 

1%  inch  Tee  Pump 

Length  of  Eduction  Pipe  41.60  feet 

Average  Lift  6.58  feet 
Average  Submergence  84.18  per  cent 
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Seeues  19 

1%  inch  Tee  Pump 

Length  of  Eduction  Pipe  41.60  feet 

Average  Lift  23.96  feet 
Average  Submergence  42.40  per  cent 
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Se;kies  20 

1%  inch  Tee  Pump 

Variable  Length  of  Eduction  Pipe 

Constant  Lift  of  Five  feet 

Variable  Submergence 
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Series  20 — Continued 

1%  Inch  Tee  Pump 

Variable  Length  of  Eduction  Pipe 

Constant  Lift  of  Five  feet 

Variable  Submergence 
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Series  20 — Continued 

1^  inch  Tee  Pump 

Variable  Length  of  Eduction  Pipe 

Constant  Lift  of  Five  feet 

Variable  Submergence 
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2.4040 
2.5643 
1.8293 
1.8422 
1.8383 
1.8383J 
1.8383! 
1.86-8 
1.8728 
1.8658 
1.8728| 
1.8728 
1.8451 
1.7986 

1.8451 

I 
1.4750 

1.5580 

1..'480 


.03143 
.06662 


.04110 
.02932 


.02946 
.02946 
.02946 


.03001 
.02990 
.03001 
.03001 
.02957 


14.104 
15.964 
17.278 
18.447 
18.155 
18.250 
13.221 
13.221 
13.221 
13.418 
13.470 
13.418 
13.470 
13.470! 
13.2571 


.02882  12.935 
.029571  18.244 
.02364  10.610 


.02497 
.02481 


11.208 
11.136 


80.00 
80.00 
80.00 
80.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
65.00 
65.001 


6.00 


9.805 
11.111 
12.020 
12.822, 
9.146 
9.211 
9.191 
9.191 
9.191 
9.329 
9.364 
9.329 
9.304 
9.3f4 

9.225 

I 
8.993 

9.225 

7.375 

I 
7.790 

7.740 


19.805 
32.823 
24.976 
7.090 
7.857 
7.941 
8.856 
8.688 
9.210 
12.243 


1.668. 

0.967 

1.267 

8.987 
I 

5.892 
I 

6.0701 

4.877 
4.741 
4.625 
8.458 


ii.l:o    8.«7 


12.810 
18.670 
16.170 
18.590 
24.680 
19.670i 


8.642 
8.282 
2.792 
2.453 
1.881 
2.322 


.» 


32.560  1.242. 
7.192  6.376  . 
7.5-0     6.1(8  . 
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Series  20 — Continued 

1%  inch  Tee  Pump 

Variable  Length  of  Eduction  Pipe 

Constant  Lift  of  Five  feet 

Variable  Submergence 


1 

2 

3 

4 

5 

6 

7 

• 

9 

10 

11 

12 

3 

14 

c 

2 

«^ 
o 

i 

B 

9 
S5 

-si 

h 

CO 

a  s 

pJ 
ill 

PA 

< 

1- 
1 

it 
Is 

1-4 

a  . 

11 

P 

is 

II 

.Ste 

a 
8 

h 

1 

h 

a§ 

*2 

s 

s 
s 

c 

i 

z 

B 

h 

1- 

i 

k 
II 

Is 

.14462 
.13850 
.12730 
.11986 
.10078 
.10100 
.09206 
.07798 
.06224 
.04100 
.02666 
.14218 
.14069 
.14441 
.13696 
.12870 
.12064 
.10652 
.09120 
.07681 

Pit 

'i 

^w 

^w 

^ir 

S 

h, 

'o 

e 

8.234 
8.814 
9.828 
10.670 
11.912 
13.268 
14.942 
18.010 
22.702 
38.107 
43.950 
7.871 
8.087 
7.986 
8.888 
9.201 
10.180 
11.763 
14.856 
17.660 

% 

^1 

c 

<lw 

p 

661 

19.244 
19.178 
19.028 
18.906 
18.791 
18.676 
18.685 
18.433 
18.299 
18.212 
18.131 
18.708 
18.649 
18.605 
18.565 
18.454 
18.843 
18.201 
18.018 
17.866 

94.480 

89.460 

80.220 

73.680 

66.200 

59.620 
59.620 

53.440 

43.780 

33.960 

22.060 

14.047 

81.440 

79.890 

80.900 

76.090 

70.080 

64.270 

56.940 

44.940 

36.530 

1.5530 
1.5770 
1.5770 
1.5720 
1.5770 
1.6820 
1.5970 
1.5770 
1.6430 
1.4620 
1.2340 
1.2820 
1.2920 
1.2920 
1.2765 
1.2887 
1.3020 
1.8160 
1.2903 
1.2820 

.02489 
.02528 
.02628 
.02519 
.02528 
.02535 
.02559 
.02528 
.02473 
.02343 
.01978 
.02058 
.02070 
.02070 
.02045 
.02065 
.02066 
.02110 
.02068 
.020% 

11.172 
11.347 
11.847 
11.806 
11.347 
11.878 
11.486 
11.347 
11.100 
10.516 
8.869 
9.214 
9.290 
9.290 
9.178 
9.267 
9.362 
9.470 
9.281 
9.223 

65.00 
65.00 
66.00 

6.00 
(« 
<« 

7.765 
7.885 
7.885 
7.860 
7.885 
7.910 
7.985 
7.885 
7.715 
7.310 
6.170 
6.410 
6.4f0 

6.m 

6.382 
6.443 
6.510 
6.580 
6.451 
6.410 

5.810 
5.480 
6.036 
4.760 
4.342 

s.«. 

3.508 
3.019 
2.517 
1.7i0 
0.634 
6.926 
6.807 
6.977 
6.697 
6.233 
5.784 
5.144 
4.410 
8.73S 

562 
663 

.    ... 

664 

65.00        " 
65.00        " 

666 

666 

65.00 
65.00 
65.00 
65.00 
65.00 
66.00 
60.00 
60.00 
€0.00 
60.00 
60.00 
00.00 
60.00 
CO.OO 

eo.oo 

<l 

»» 

>t 
»» 
•t 
f* 

»» 
»t 

567 

668 

669 

670 

6n 





572 

678 

674 



675 

576 

677 

678 

679 

580 
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Series  20 — Continued 

114  inch  Tee  Pump 

Variable  Length  of  Eduction  Pipe 

Constant  Lift  of  Five  feet 

Variable  Submergence 


1 

2 

Absolute  pressure  of      1 
air  at  ^a^e,  in  pounds    1  ** 
per  square  inch.              ' 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

u 

Number  of  run. 

1 

i 
11 

^a 

en 

1 
h 

Is 

c 

II 

k 

5  ^ 

c 

'11 

5*- 

a 
a* 

a 

1 

h 

§ 

a 

0 

at 

SO 

og 

11 

a 

ll 

•5 

1 

i  . 

fs 

Pit 

'i 

^w 

<i^ 

% 

s 

h 

1. 

e 

<la 

^1 

c 
p 

681 

.06479 
.04248 
.03024 
.15000 

17.742 
17.624 
17.005 
17.896 

29.810 
18.960 

1.2600 
1.1363 

.020a' 

.01821 
.01568 
.01422 
.01412 
.01422 
.01422 
.01412 
.01406 
.01386 
.01414 
.01351 
.01882 
.01256 
.00662 
.00918 
.00690 
.00890 
.00883 
.00681 

8.990 
8.178 
7.015 
6.882 
6.887 
6.382 

e.m 

6.837 
6.319 
6.220 
6.846 
6.064 
6.978 
6.687 
8.867 
4.120 
8.995 
8.996 
8.963 
8.954 

60.00      6.00     6.250 

€0.00        "    1    6.681 

60.00        "        4.878 

50.00        '»        4.435 

50.00        "         4.405 

60.00        •'         4.485 

1 
60.00        "     1    4.485 

60.00        •»    1    4.405 

eO.OOi       »'        4.394 

50.00        "         4.828 

60.00        "         4.412 

20.968 

'  29.985 
1 
48.865 

6.994 

6.886 

6.280 

!    7.103 

7.684 

7.840 

9.890 

I  10.940 

18.170 

15.900 

20.820 

82.600 

4.814 

6.209 

6.886 

6.656 

1    6.0^8 

8.283 
2.838 
1.985 
11.180 

1 

682 

683 

1 
11.250   0.^67 

I 

74.070   0.8870 

81.000  0.8811 
70.630|  0.8870 
62.440,  0.8870 
67.830!  0.8811 
52.970   0.8788 
45.990|  0.8646 
40.300'  0.8824 

82.0001  0.8427 
26.010   0.8810 
I8.8I0'  0.7884 

8.270|  0.6876 
69.650|  0.6781 
63.880|  0.6666 
61.690,  0.6666 
48.no  0.5610 
45.400:  0.5496 

584 

686 

.16970   17.997 
.16641   17.789 
.14218   17.679 
.186271  17.563 
.12915   17.434 
.11692   17.808 
.10660i  17.196 

12.020 
10.930 

i 

686 

i 

687 

9.9C0 
9.6f6 
9.174 
8.489 
7.482 
6.236 
6.740 
4.660 
8.089 
16.655 
16.004 
15.781 
15.128 
1  14.830 

1 

688 

689 

1 

690 

591 

1 

692 
508 

.08915 
.07646 
.06662 

17.008 
16.905 
16.806 

60.00        " 

60.00.       " 

50.00 

60.00        " 

1 
40.00        " 

40.00        " 

40.00,       " 

4.213 
4.155 
8.917 
2.688 
2.865 
2.778 
2.778 
2.765 
2.747 



694 

605 

.02661'  16.632 

596 

.16290 
.14828 
.14001 
.13358 
.18065 

17.076 
16.922 
16.898 
16.778 
16.733 

1 

607 

596 

699 

40.00 
40.00 

ft 

»» 

600 

561] 
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Sebies  20 — Continued 

1%  inch  Tee  Pump 

Variable  Lengtn  of  Eduction  Pipe 

Constant  Lift  of  Five  feet 

Variable  Submergence 


a 

z 

o 

I 


so 


I 


§|€ 

hi 

< 


vg 


•3 

a 

I 

Is 


^1 

|l 
II 


w- 


6 


5$ 

is 

si 

II 


si 
Si 

$S 


^ 


10 


H 

o 


12 


e 
u 


©•3 


Qa 


13 


►•a 
I: 


14 


a 


5i 


601 
002 
608 
604 
606 
606 
607 
606 


12162 
11320 
00900 
06029 
07830 


16. 
16.460 


I 


80.910 
85.600 


16.856  29.760 


16.206 
16.107 


24.890 
20.990 


06226i  15.994,  15.690 


05360 
08978 


16.8641  1«.590 
16.7961    8.9C0 


0.6460 

0.6891 

0.6819 

0.4914 

0.4762 

0, 

0.37tV4 

0.8058 


.00878 
.00664 
.00652 
.00788 
.00763 
.00703 
.00591 
.00490 


8.918     40.00 
8.878!    40.00 


8.824 
8.686 
8.424 


40.00 
40.00 
40.00 
3.155.  40.00 
2.666|  40.00 
2.1991    40.00 


2.726 
2.e96 
2.669 
2.457 
2.881 
2.198 
1.852 
1.629 


6.828 

18.920 

7.5e9 

13.102 

8.986 

11.727 

9.871 

11.830 

11.875 

io.2es 

18.980  8.856,. 

14.710  9.320 . 

I  ! 

17.066,  8.119. 
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TABLE  II 

LOSS  DUE  TO  FRICTION  IN  AIR  PIPE  AND  NOZZLE  WHEN  DISCHARGING  INTO 
THE  ATMOSPHERE 

Series  I 


Run. 

Quantity  of 
free  air  In  cubic 
feet  pep  second. 

Loss  of  head 
in  pounds  per 
aauare  Inch. 

279 

.18263 

.668 

280 

.14018 

.760 

281 

.12886 

.685 

282 

.11439 

.490 

288 

.09680 

.866 

284 

.10488 

.416 

286 

.07792 

.226 

286 

.06059 

.238 

287 

.06607 

.282 

288 

.07062 

.208 

289 

.06264 

.160 

290 

.07026 

.186 

291 

.06847 

.126 

292 

.04926 

.001 

298 

.06392 

.117 

294 

.01071 

.061 

295 

.03697 

.004 

296 

.01951 

.001 
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TABLE  III 

LOSS  DUE  TO  PWOnON  IN  AIR  PIPE  AND  NOZZLE  WHEN  DI80HAROINO  INTO 
THE  ATMOSPHERE 

Series  2-18  indusiTc 


Run. 

Quantity  of 
free  air  in  cubic 
feet  per  second. 

Loss  of  head 
in  pounds  per 
square  inch. 

.05860 

0.4185 

.07510 

0.6424 

.09096 

0.9400 

.11085 

1.8566 

.12W7 

1.6090 

.12978 

1.8095 

.13847 

2.0924 

.WHO 

2.2986 

.15867 

2.4695 

.16803 

2.8527 

TABLE  IV 
I/)8S  DUE  TO  PRIOTION  IN  ^IBPIPE^^gD  NO^LE  WHEN  DISOHARGLNG  LNTO 

Series  14  and  15 


Run. 

Quantity  of 
free  air  in  cubic 
feet  per  second. 

Loss  of  head 
in  pounds  per 
square  inch. 

.02347 

0.0625 

.04092 

0.2858 

.07531 

0.6071 

.09119 

0.8605 

.10426 

1.1022 

.11822 

1.4066 

.13005 

1.6621 

.14068 

1.9215 

.15153 

2.17S0 

10 

.16403 

2.5521 
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*'An  Air  Lift  Pump."  American  Engineer  and  Railroad  Jour- 
nal, p.  27,  Jan.,  1900.  Details  and  description  of  plant 
supplying  railroad  shops  and  road  tanks. 

Wiles,  C.  W.  *' Supplying  Water  from  Deep  Wells  by  Com- 
pressed Air."  Proceedings  American  Water  Works  As- 
sociation, p.  22,  1900.  A  general  description  of  the  air  lift 
with  examples  of  operating  plants. 

Rix,  Edward  A.  ** Pumping  by  Compressed  Air."  Journal  of 
the  Association  of  Engineering  Societies.  Vol.  25,  p.  173, 
October,  1900.  A  paper  discussing  different  methods  of 
pumping  by  compressed  air,  among  which  is  the  air  lift 
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pump.  Data  for  some  tests  and  a  table  of  general  require- 
ments for  air  lift  pumping. 

*]\Ioving  AVater  Horizontally  by  Air  Lift  Pumps  at  Point 
Pleasant,  Va."  Engineering  News,  Vol.  54,  p.  359,  Nov., 
1900.  An  interesting  description  of  a  plant  in  which  the 
water  is  pumped  up  an  embankment  rising  67  feet  in  a  hori- 
zontal distance  of  410  feet. 

*  *  Air  Lift  Pump  on  the  London  Central  Railway. ' '  Compressed 
Air,  Vol.  7,  p.  1936,  August,  1902.  Brief  description  of  the 
plant. 

*' Water  Supply  from  Deep  Wells  by  Air  Power."  Compressed 
Air,  Vol.  7,  p.  1970,  Sept.,  1902.  Advantages  of  a  diverg- 
ing eduction  pipe  explained. 

*'Pressluft-Punip(Mi  Fiir  WHSserlT>rderinig."  Der  Hydrotekt, 
Vol.  1,  p.  202,  Dec,  1902.  A  general  description  of  the 
pump  and  its  advantages,  with  a  discussion  of  Jossers  ex- 
periments and  his  method  of  computing  efficiency. 

Maxwell,  Wm.  IT.  **The  Raising  of  Water  from  Deep  Wells 
and  Borings  by  Compressed  Air.*'  Transactions  of  the 
British  Association  of  Waterworks  Engineers,  Vol.  8,  p. 
70,  July,  1903.  Data  and  discussion  of  tests  at  Tunbridge 
Wells,  England.  Most  economical  percentage  of  submerg- 
enee  found  to  be  between  69  and  75  per  cent.  An  efficiency 
of  64  per  cent.,  based  on  I.  II.  P.  of  air  cylinder,  and  36.8 
per  cent,  based  on  I.  H.  P.  of  steam  cj-linder  was  obtained. 
Lift  about  120  feet. 

Friedrich,  G.  C.  II.  * '  Lifting  Water  by  Compressed  Air. ' '  The 
Engineer  (Cleveland),  Vol.  40,  p.  547,  July,  1903.  Gives 
results  of  practical  experience  with  hints  for  construction. 

"Air  Lift  Pumps.''  The  Engineer  (London),  Vol.  96,  p.  568, 
Dec,  1903.  Also  in  Compressed  Air,  Vol.  9,  p.  2890,  April, 
1904.  An  abstract  of  an  article  by  L.  Darapsky  in  the 
Berg  und  Ilutteninainiisehen  Zeitung,  No.  11.  1903.  In 
the  original  a  large  ]K)rtion  of  the  article  is  devoted  to  the 
consideration  of  the  claims  of  rival  patentees  and  decisions 
in  the  German  law  courts.  A  good  historical  and  descrip- 
tive article. 

Bjorling.  P.  R.  ** Raising  Water  with  Compressed  Air.''  Mu- 
nicipal Journal  and  Engineer,  Vol.  15,  p.  245,  Dec,  1903. 
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Describes  several  methods  of  pumping  by  compressed  air, 
among  which  is  a  descriptive  article  on  the  air  lift. 

Priedrick,  G.  C.  H.  **  River  Wells  and  the  Horizontal  Delivery 
of  Water."  The  Engineer  (Chicago),  Vol.  41,  p.  435,  June, 
1904.  Description  of  a  plant  taking  its  water  supply  from 
a  river  and  discharging  through  a  horizontal  distance  of 
511  feet  in  a  vertical  lift  of  60  feet. 

Wittrock.  '*Verwendung  von  Druckluft  zum  Heben  von 
Fliissigkeiten. "  Zeitschrift  des  Vereines  Deutscher  In- 
genieure,  Vol.  48,  p.  1080,  July,  1904.  Descriptive  article 
of  several  European  plants. 

^"The  Air  Lift.'*  The  Engineer  (Chicago),  Vol.  41,  p.  564, 
Aug.,  1904.  An  illustrated  article  describing  the  operation, 
methods  of  piping  wells,  multiple  lifts,  etc.  Empirical 
formulas  advanced  for  volume  of  air  required,  capacity, 
ratio  of  area  of  air  pipe  to  water  pipe. 

Ooff,  A.  H.  *'Data  Relating  to  the  Air  Lift.''  The  Engineer, 
(Chicago),  Vol.  41,  p.  811,  Dec,  1904.  Two  tables  giving 
ratio  of  water  to  air  required,  volume  of  free  air,  air  press- 
ure,, submergence,  and  horse  power  for  different  lifts. 

^*Air  Lift  Pumping  Plant  of  the  Redlands  Water  Co.*'  Engi- 
neering Record,  Vol.  51,  p.  8,  January,  1905.  A  descrip- 
tion of  the  plant  and  data  for  a  48  hour  test. 

^*A  300  Foot  Cold  Storage  Air  Lift."  Municipal  Journal  and 
Engineer,  Vol.  18,  p.  150,  March,  1905.  Short  descriptive 
article. 

'''Notes  on  Air  Lifts  for  Raising  Water."  Engineering  Record, 
Vol.  52,  p.  44,  Dec,  1905.  A  practical  article  compiled 
from  the  Ligersoll-Rand  Co.  catalogue.  The  following 
subjects  are  discussed,  theory  of  the  air  lift  pump,  Frizell 
system,  Pohle  system,  economy,  cost  of  pumping,  limita- 
tions of  the  system,  methods  of  piping  the  wells,  and  ar- 
rangement of  wells  and  piping. 

Friedrieh,  G.  C.  H.  *'Air  Lift  Pumping.''  The  Engineer 
(Chicago),  Vol.  43,  p.  373,  June,  1906.  Description  of  a 
well  that  was  tested  and  some  data  for  use  in  the  construc- 
tion of  an  air  lift. 

Kelly,  James.  *'0n  the  Raising  of  Water  by  Compressed  Air 
at  Preesall,  Lancashire."    Proceedings  of  the  Institute  of 
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Civil  Engineers,  Vol.  163,  p.  353, 1905-06,  part  1.  Abstract 
in  American  Machinist,  Vol.  29,  p.  203,  Aug.,  1906,  part  2. 
Also  in  Engineering  Record,  Vol.  54,  p.  243,  Sept.,  1906. 
A  valuable  paper,  see  p.  113  of  this  bulletin. 

Darapsky,  L.  and  Schubert,  F.  **Die  Wirkungsweise  der 
Pressluftpumpen.''  Zeitschrift  des  Vereines  Deutscher 
Ingenieure,  Vol.  50,  p.  2062,  Dec,  1906.  A  valuable  article 
giving  data,  analysis  and  discussion  of  laboratory  and 
commercial  tests.  Empirical  formulas  derived.  See  p. 
114  of  this  bulletin. 

''Air  Lift  for  Brine.'*  Power,  Vol.  27,  p.  71,  Jan.,  1907.  An 
answer  to  an  inquiry  for  the  design  of  an  air  lift  for  pump- 
ing brine. 

Gibson,  A.  H.  ''Hydraulics  and  its  Applications."  A  briei 
article  in  a  text-book  on  Hydraulics,  p.  674,  giving  a  de- 
scription and  the  theory  of  the  pump.  D.  Van  Nostrand 
Co.,  New  York,  1908. 

"Test  of  an  Air  Lift  Pump  and  Experimental  Studies  of  Air 
Lift  Pumps.*'    Engineering  News,  Vol.  59,  p.  666,  June, 

1908.  A  report  of  a  duty  test  made  on  the  Atlantic  City 
plant,  and  the  description  and  results  of  the  Westinghouse 
Air  Brake  Co's.  experiments.     See  p.  115  of  this  bulletin. 

Lorenz,  H.  "Die  Arbeitsweise  und  Berechnung  der  Druckluft- 
Fliissigkeitsheber. "  Zeitschrift  des  Vereines  Deutscher 
Ingenieure,  Vol.  53,  p.  545,  April.  1909.  A  valuable  mathe- 
matical analysis.     See  p.  24  of  this  bulletin. 

Ivens,  E.  M.  "Tests  Upon  Compressed  Air  Pumping  Systems 
of  Oil  Wells.**  Journal  of  the  American  Society  of  Me- 
chanical Engineers,  Vol.  31,  p.  341,  March,  1909.  A  de- 
scription of  some  air  lift  plants  in  the  Louisiana  oil  fields 
and  various  methods  of  piping  the  wells.  Data  for  some 
tests. 

Green,  L.  M.  "Efficiency  of  the  Air  Lift  as  a  Solution  Pump.'* 
Engineering  and  Mining  Journal,  Vol.  88,  p.  251,  Aug., 

1909.  Discusses  mathematically  the  theory  of  the  air  lift, 
amount  of  air  required,  minimum  air  pressure,  efficiency 
of  lift  under  given  conditions.     See  p.  29  of  this  bulletin. 

'  *  Algae  as  a  Result  of  Air  Lift  Pumping. ' '  Engineering  Record, 
Vol.  61,  p.  277,  March,  1910.    Article  states  that  the  method 
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of  pumping  the  wells  at  Frankfort,  Ind.,  was  changed  on 
account  of  the  excessive  growth  of  algae,  which  was 
thought  to  be  due  to  the  air  lift. 
Harris,  E.  G.  ''Compressed  Air/'  McGraw-Hill  Book  Co., 
New  York,  1910.  An  excellent  chapter  on  the  air  lift  pump, 
in  which  the  following  topics  are  elaborated:  (1) Theory, 
(2)  Design,  (3)  Use  as  a  dredge  pump,  (4) Testing  wells 
with  the  air  lift,  (5)  Data  on  operating  air  lifts. 


[571] 

Digitized  by  VjOOQ IC 


Digiti 


zed  by  Google 


BULLETIN    OF    THE    UNIVERSITY    OF     WISCONSIN 

Cnainkchino  Skuiks.  Vol.  •.  No.  t.  pp.  40s^7a 


AN  INVESTIGATION  OF  THE  AIR  LIFT  PUMP 


BY 

GEO.  JACOB  DAVIS,  Jb.,  0.  B. 

AB9tstant  Profegsor  of  Hydta^Uc  Bngineering 

TTke  Unlnentty  of  Wi§eonHn 

AND 

CARL  ROBERT  WBIDNKR,  0.  E. 

Inttruotor  in  HydraiuiUc  Engineering 

The  Univenitv  of  Wiseonain 


BESEABOHES  IN  HYDBAUUOS 

DANIKi  W.  MBAD.  PB0VM80R  IF  HTDRAUUO  AHD  SAIRTABT  EHCaHBnUlTO 


MADISON.  WI800N8IN 

OOTOBSBtlMl 

PBIOE  40  OENTa 


Digiti 


ized  by  Google 


BULLETIN   OF  THE   UNIVERSITY   OF  WISCONSIN 

Entered  m  •eoood-clMS  matter  Jane  10.  IMS,  at  the  post  office  at  MadiBon,  Wisconsin 
under  the  Act  of  July  18, 18M 


COMMITTKC    OF    PUBLICATION 

Walter  M.  Smith.  Chairman 

WiLLARD  G.  B LEVER.  Secretary 

O.  Clarke  Gillett,  Editor 

Thomas  K.  Urdahl.  Economics  and  P  litical  Science  Series 

William  H.  Lighty.  University  Extension  Series 

William  S.  Marshall.  Science  Series 

Daniel  W.  Meadt  Engineering  Series 

R.  E.  NWL  Dodge.  Philology  and  Literature  Series 

WlHPRED  T.  Root,  History  Series 


The  Bulletin  of  the  UnlTersltj  of  WlBConsln  In  published  bimonthly 
at  Madiion.  For  postal  purposes,  all  issues  in  all  series  of  the  Bulls* 
tin  are  included  in  one  consecutive  numbertng  as  published,  a  num- 
bering which  has  no  relation  whatever  to  the  arrangement  in  series 
and  volumes. 

The  Economics  and  Political  Science  series,  the  History  series,  the 
Philology  and  Literature  series,  the  Science  series,  the  Engineering 
series,  and  the  University  extension  series  contain  original  papers  by 
persons  connected  with  the  University.  The  series  formerly  issued  as 
the  Economics,  Political  Science,  and  History  series  was  discontinued 
with  the  completion  of  the  second  volume  and  has  been  replaced  by 
ti^e  Economics  and  Political  Science  series  and  the  History  series. 

Persons  who  reside  in  the  state  of  Wisconsin  may  obtain  copies  of 
the  Bulletin  free  by  applying  to  the  Secretary  of  the  Regents  and  pay- 
ing the  cost  of  transportation.  No.  1  of  VoL  1  of  the  Economics,  Po- 
litical Science,  and  History  series,  Nos.  1  and  8  of  VoL  2  of  the  Phil- 
ology and  Literature  series.  No.  2  of  Vol.  2  of  the  Science  series,  and 
Nos.  1-5  of  VoL  1  and  No.  4  of  Vol.  2  of  the  Engineering  series  are 
now  out  of  print  and  can  no  longer  be  furnished.  Bulletins  issued 
since  May  1,  1898,  are  entered  as  second-class  mail  matter  and  no 
charge  is  required  by  the  University  to  cover  cost  of  postage.  The 
postage  required  for  such  of  the  earlier  numbers  as  can  now  be  fur- 
nished is  as  follows:  Econ.  ser..  Vol.  1,  No.  2,  8c;  No.  3,  13c;  VoL  3, 
No.  1,  4c;  Phil,  ser..  Vol.  1,  No.  1,  oc;  Sci.  ser.,  Vol.  1,  No.  1,  2c;  No.  2, 
2c;  No.  8,  8c;  No.  4,  8c;  No.  5,  10c;  VoL  2,  No.  1,  2c;  Bng.  ser..  Vol.  1, 
No.  6.  2c;  No.  7,  3c;  No.  8,  2c;  No.  9,  4c;  No.  10,  3c;  VoL  2,  No.  1,  4c; 
No.  2.2c 

Any  number  of  the  Bulletin  now  in  print  will  be  sent  postpaid  to 
persons  not  residents  of  Wisconsin  from  the  office  of  the  Secretary  of 
the  Regents  on  receipt  of  the  price.  Title  pages  and  tables  of  contents 
to  completed  volumes  of  all  series,  have  been  issued  and  will  be  fur- 
nished without  cost  on  application  to  the  University  Librarian.  Com 
munications  having  reference  to  an  exchange  of  publications  should 
be  addressed  to  the  Librarian  of  the  University  of  Wisconsin,  Madison, 
Wis. 


Digiti 


ized  by  Google 


Bnslneerliic  Series. 

TOLITMS  L 

(Complete  in  ten  numbertf  with  title-page,  table  of  contents,  and  indew.) 
No.  1.    Track,  by  Leonor  Fresnel  Loree.    1894.    24  p.    25  cents.    Out 

of  print. 
No.  2.    Some  practical  hints  In  dynamo  design,  by  Gilbert  Wilkes. 

1894.    16  p.    25  cents.    Out  of  print. 
No.  3.    The  steel  construction  of  buildings,  by  Corydon  Tyler  Purdy. 

1894.    27  p.    25  cents.^    Out  of  print. 
No.  4.    The  evolution  of  a  switchboard,  by  Arthur  Vaughan  Abbott. 

1894.    32  p.    4  pi..    85  cents.    Out  of  print. 
No.  5.    An  experimental  study  of  field  methods  which  will  insure  to 

stadia  measurements  greatly  Increased  accuracy,  by  Leonard 

Sewell  Smith.    1895.    45  p.    1  pi.    35  cents.    Out  of  print. 
No.  6.    Railway    signaling,  by    William    McCollough    Qrafton.    1895. 

38  p.    35  cents. 
No.  7.    Bmergencles  In  railroad  work,  by  Leonor  Fresnel  Loree.  1895. 

42  p.    35  cents. 
No.  8.    Blectrlcal  engineering  In  modem  central  stations,  by  Louis 

Aloyslus  Ferguson.    1896.    33  p.    35  cents. 
No.  9.    The  problem  of  economical  heat,  light,  and  power  supply  for 

building   blocks,   school  houses,   dwellings,    etc.,   by   Qerdt 

Adolph  Gerdtzen.    1896.    69  p.    45  cents. 
No.  10.  Topographical  surveys,  their  methods  and  value,  by  John  Lane 

Van  Omum.    1896.    39  p.    35  cents. 

VOLUMS  n. 

(Complete  in  ten  numbers,  with  title-page,  table  of  contents,  and  index.) 
No.  1.    A  complete  test  of  modern  American  transformers  of  moderate 

capacities,  by  Arthur  Hlllyer  Ford.    1896.    88  p.    85  cents. 
No.  2.    A  comparative  test  of  steam  Injectors,  by  George  Henry  Traut- 

mann.    1897.    34  p.    25  cents. 
No.  3.    The  superintendent  of  bridges  and  buildings,  by  Onward  Bates. 

1898.    30  p.    25  cents. 
No.  4.    Some  unrecognized  functions  of  our  state  universities,  by  John 

Butler  Johnson.    1899.    20  p.    25  cents.    Out  of  print. 
No.  5.    The  transcontinental  trlangulatlon  along  the  thirty-ninth  par- 
allel, by  John   Fillmore   Hayford.    1900.    22    p.    6   pi.   26 

cents. 
No.  6.    The  chemical  engineer,  by  Magnus  Swenson.    1900.    13  p.    25 

cents. 
No.  7.    Recently  Improved  methods  of  sewage  disposal,  by  John  Butler 

Johnson.    1900.    19  p.    25  cents. 
No.  8.    An  experimental  study  of  the  corrosion  of  iron  under  difFerent 

conditions,   by  Carl   Hambuechen.    1900.    47   p.    19  pL  30 

cents. 
No.  9.    The  progress  of  the  ceramic  industry,  by  Edward  Orton,  Jr. 

1903.     23  p.    25  cents. 
No.  10.  The  effect  of  frequency  on  the  steadiness  of  light  emitted  from 

an  incandescent  lamp,  by  Harold  Seaman.    1903.    47  p.    25 

cents. 

VOLUME  in. 

(Complete  in  six  numbers,  with  title-page  and  table  of  contents.) 
No.  1.    An  investigation  of  rotations  produced  by  current  from  a  sin- 
gle-phase alternator,  by  Arthur  Curtis  Scott    1904.    162  p. 
50  cents. 
No.  2.    The  sources  of  water  supply  in  Wisconsin,  by  William  Gray 

Klrchoffer.    1905.    88  p.    50  cents.  f  v^^^l^ 

Digitized  by  VjOOQ  LC 


No.  3.  An  invettigation  of  the  borides  and  the  Bilicidea*  by  Olirer 
Patterson  Watts.    1906.    68  p.    30  cents. 

No.  4.  Tests  on  reinforced  concrete  beams,  by  Bmest  Anthony  Mc»its. 
1907.    76  p.    30  cents. 

No.  6.  A  comparison  of  the  effects  of  frequency  on  the  light  of  in- 
candescent and  Nernst  lamps,  by  Frederick  William  Huels. 

1907.  51  p.    25  cents. 

No.  6.  Investigation  of  centrifugal  pumps:  Part  I,  A  discussion  of 
the  theory  of  the  centrifugal  pump  and  tests  of  a  six  inch 
▼ertical  centrifugal  pump,  by  Clinton  Brown  Stewart  1907. 
141  p.    50  cents. 

VOLUME   IV 

(Complete  in  Hx  numl>er8,  with  title-page  and  table  of  contenti,) 
No.  1.    Tests  on  plain  and  reinforced  concrete,  series  of  1906,   by 

Morton  Owen  Withey.    1907.    66  p.    25  cents. 
No.   2.    Tests   on  plain   and  reinforced  concrete,  series  of  1907,  by 

Morton  Owen  Withey.    1907.    69  p.    25  cents. 
No.  8.    An  investigation  of  the  hydraulic  ram,  by  Leroy  Francis  Harza. 

1908.  110  p.    25  cents. 

No.  4.  Investigation  of  flow  through  large  sub-merged  orifices  and 
tubes,  by  Clinton  Brown  Stewart    1908.    83  p.    25  cente. 

No.  6.  Current  practice  in  steam  engine  design,  by  Ole  N.  Troolen. 
1908.    79  p.    25  cents. 

No.  6.  Self-excited  asychronous  polyphase  generators,  by  Lewis  Foa- 
selL    1909.    87  p.    25  cents. 

VOLTTMB  y 

(Complete  in  six  numhefa,  with  title-page  and  table  of  contents.) 

No.  1.  Investigation  of  railway  train  lighting,  by  Bdward  Wray. 
1908.    142  p.    50  cents. 

No.  2.  Tests  on  plain  and  reinforced  concrete  columns,  by  Morton 
Owen  Withey.    1909.    45  p.    25  CMits. 

No.  3.  Investigation  of  centrifugal  pumps:  Part  II,  ESxperiments 
with  a  six  inch  horizontal  centrifugal  pump  comparing  the 
efficiency  of  circular  and  spiral  cases  and  showing  the  ef- 
fect of  air  leakage,  by  Clinton  Brown  Stewart  1909.  129  p. 
50  cents. 

No.  4.  Sewage  purification  with  special  reference  to  "^^sconsin  con- 
ditions, by  George  Jacob  Davis,  and  James  Ten  Broeck 
Bowles.    1909.    88  p.    50  cents. 

No.  5.  Tests  on  bond  between  concrete  and  steel  in  reinforced  con- 
crete beams,  by  Morton  Owen  Withey.  1909.  64  p.  25 
cents. 

No.  6.  Relation  of  Experiments  to  the  Theory  of  the  Tangential 
Water  Wheel.    1909.    D.  W.  Mead. 

VOLUME  VI 

No.  1.  Tests  on  the  Permeability  of  Concrete.  1909.  F.  M.  McCal- 
lough. 

No.  2.  The  strength  of  the  alloys  of  nickel  and  copper  with  electro- 
lytic iron,  by  Charles  Frederick  Burgess  and  James  Aston. 
1910.    44  p.    25  cents. 

No.  3.  Long  distance  transmission  of  steam  and  its  effect  on  power 
plant  economics,  by  Halsten  Joseph  Thofkelson.  1910.  84 
p.    25  cents. 

No.  4.  Investigation  of  hydraulic  curve  resistance,  by  George  Jacob 
Davis.    1911.    60  p.    25  cents. 

No.  6.  The  flow  of  streams  and  the  factors  that  modify  it,  with  spe- 
cial reference  to  Wisconsin  conditions,  by  Daniel  Webster 
Mead.    1911.    191  p.    40  cents. 

No.  6.    Some  alloys  of  calcium,  by  James  Miller  Brockenbridge.    1911. 

N;  No.  7.  An  investigation  of  the  air  lift  pump  by  Ge<£'^faaifinB^Sr£ 
C.  B.,  and  Carl  Robert  Weidner,  C.  B.  191L  168  pages. 
40  cents. 
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